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THE INSTITUTE FOR COMPUTATIONAL 

MECHANICS I N  PROPULSION ( I C O M P )  

SECOND ANNUAL REPORT 

1987 

SUMMARY 

The I n s t i t u t e  for Computa t i ona l  Mechanics i n  P r o p u l s i o n  ( ICOMP)  i s  ope r -  
a t e d  j o i n t l y  by  Case Western Reserve U n i v e r s i t y  and t h e  NASA Lewis  Research 
Cen te r  i n  C l e v e l a n d ,  Oh io .  The purpose o f  ICOMP i s  t o  d e v e l o p  t e c h n i q u e s  t o  
improve p r o b l e m - s o l v i n g  c a p a b i l i t i e s  i n  a l l  a s p e c t s  o f  c o m p u t a t i o n a l  mechanics 
r e l a t e d  t o  p r o p u l s i o n .  T h i s  r e p o r t  d e s c r i b e s  t h e  a c t i v i t i e s  a t  ICOMP d u r i n g  
1987. 

INTRODUCTION 

The I n s t i t u t e  f o r  Computa t i ona l  Mechanics i n  P r o p u l s i o n  ( ICOMP)  i s  
j o i n t l y  o p e r a t e d  a t  t h e  NASA Lewis  Research C e n t e r  b y  Case Western Reserve 
U n i v e r s i t y  and NASA Lewis  under  a Space A c t  Agreement. 
f o r  r e s e a r c h e r s  w i t h  e x p e r i e n c e  and e x p e r t i s e  t o  spend t i m e  i n  r e s i d e n c e  a t  
Lewis p e r f o r m i n g  r e s e a r c h  t o  improve c o m p u t a t i o n a l  c a p a b i l i t y  i n  t h e  many 
b road  and i n t e r a c t i n g  d i s c i p l i n e s  o f  i n t e r e s t  i n  aerospace p r o p u l s i o n .  The 
o r g a n i z a t i o n  and o p e r a t i o n  o f  ICOMP have been d e s c r i b e d  i n  ICOMP Repor t  
No. 87-8 (NASA TM 100225).  "The I n s t i t u t e  fo r  Computa t i ona l  Mechanics i n  Pro- 
puls ion( ICOMP1,  F i r s t  Annual R e p o r t , "  Nov., 1988, 14 pages. 

ICOMP p r o v i d e s  a means 

The scope o f  t h e  ICOMP r e s e a r c h  program i s :  t o  advance t h e  unders tand -  
i n g  o f  aerospace p r o p u l s i o n  p h y s i c a l  phenomena; t o  improve computer  s i m u l a t i o n  
o f  aerospace p r o p u l s i o n  components; and t o  f o c u s  i n t e r d i s c i p l i n a r y  computa- 
t i o n a l  r e s e a r c h  e f f o r t s .  The s p e c i f i c  a reas  of i n t e r e s t  i n  c o m p u t a t i o n a l  
r e s e a r c h  i n c l u d e :  f l u i d  mechanics f o r  i n t e r n a l  f low; s t r u c t u r a l  mechanics and 
dynamics;  m u l t i v a r i a b l e  c o n t r o l  t h e o r y  and a p p l i c a t i o n s ;  and c h e m i s t r y  and 
m a t e r i a l  s c i e n c e .  

The r e p o r t  summarizes t h e  a c t i v i t i e s  a t  ICOMP d u r i n g  1987. I t  l i s t s  t h e  
v i s i t i n g  r e s e a r c h e r s ,  t h e i r  a f f i l i a t i o n s  and t i m e  o f  v i s i t  f o l l o w e d  by  r e p o r t s  
o f  RESEARCH I N  PROGRESS, REPORTS AND ABSTRACTS, and SEMINARS p r e s e n t e d .  
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THE ICOMP STAFF OF V I S I T I N G  RESEARCHERS 

The c o m p o s i t i o n  o f  t h e  ICOMP s t a f f  d u r i n g  1987 i s  shown i n  f i g u r e  1 .  
F o r t y - t h r e e  r e s e a r c h e r s  were i n  r e s i d e n c e  a t  Lewis  for p e r i o d s  v a r y i n g  from a 
f e w  days t o  a y e a r .  The number i n  r e s i d e n c e  on a week ly  b a s i s  i s  shown i n  
f i g u r e  2 .  T h i s  f i g u r e  c l e a r l y  shows t h e  " h i g h  season" d u r i n g  t h e  summer months 
when :here was a peak o f  t w e n t y - f i v e  i n  r e s i d e n c e .  F i g u r e  3 i s  a pho tog raph  
o f  t h e  ICOMP S t e e r i n g  Commit tee and t h e  v i s i t i n g  r e s e a r c h e r s ,  t a k e n  a t  a recep-  
t i o n  i n  June, 1987. F i g u r e  4 l i s t s  t h e  u n i v e r s i t i e s  or o t h e r  i n s t i t u t i o n s  
r e p r e s e n t e d  and t h e  number o f  p e o p l e  from each.  The f i g u r e  l i s t s  t w e n t y - e i g h t  
o r g a n i z a t i o n s .  The n e x t  s e c t i o n s  w i l l  d e s c r i b e  t h e  t e c h n i c a l  a c t i v i t i e s  o f  t h e  
v i s i t i n g  r e s e a r c h e r s  s t a r t i n g  w i t h  r e p o r t s  o f  RESEARCH I N  PROGRESS, f o l l o w e d  by  
REPORTS AND ABSTRACTS, and f i n a l l y ,  SEMINARS.  
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RESEARCH I N  PROGRESS 

FRED A .  AKL, Ohio Universi ty 

My r e s e a r c h  has been concerned w i t h  v i b r a t i o n  a n a l y s i s  i n  p a r a l l e l  
m i c r o c o m p u t i n g  a r c h i t e c t u r e  w i t h  t h e  s p e c i f i c  o b j e c t i v e  o f  e s t a b l i s h i n g  t h e  
c o m p u t a t i o n a l  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  mapping o f  t h e  g e n e r a l i z e d  
e i g e n s o l u t i o n  o f  l i n e a r  e l a s t i c  f i n i t e  e lement  models o n t o  p a r a l l e l  b i n a r y  
t r e e  compu t ing  a r c h i t e c t u r e .  

The method of r e c u r s i v e  d o u b l i n g  has been a p p l i e d  t o  a s e t  o f  N s t i f f n e s s  
m a t r i c e s  o f  two-d imens iona l  beam e lemen ts ,  where N=2n and n i s  p o s i t i v e  i n t e -  
g e r .  A c c o r d i n g  t o  t h i s  method, i f  OP i s  an a r b i t r a r y  a s s o c i a t i v e  o p e r a t i o n  
t h a t  can be c a r r i e d  on  t h e  s e t  o f  s t i f f n e s s  m a t r i c e s  CKI, t h e n  s e r i a l  implemen- 
t a t i o n  o f  t h e  e x p r e s s i o n  K1 OP K2 OP . . .  OP KN r e q u i r e s  N-1 s t e p s  w h i l e  p a r a l -  
l e l  i m p l e m e n t a t i o n  r e q u i r e s  o n l y  l o g 2  N p a r a l l e l  s t e p s .  

An Occam p a r a l l e l  p rogram has been s u c c e s s f u l l y  deve loped  t o  r u n  on  a s e t  
o f  2 ,  4 ,  8,  16, and 32 t r a n s p u t e r s  mapped i n t o  a b i n a r y  t r e e  e n v i r o n m e n t .  A 
s e r i a l  v e r s i o n  o f  t h e  same a l g o r i t h m  has a l s o  been implemented on  t h e  t r a n s -  
p u t e r  deve lopment  boa rd  t o  compare i t s  per formance w i t h  t h e  p a r a l l e l  p rogram.  
P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  a d d i t i o n  o f  s t i f f n e s s  m a t r i c e s  i n  a t r a n s -  
p u t e r  n e t w o r k  o f  b i n a r y  t r e e s  can be e f f i c i e n t  for t h e  l a r g e r  number o f  m a t r i -  
ces .  A s  e x p e c t e d ,  no  s i g n i f i c a n t  improvement  i s  obse rved  f o r  t h e  case o f  4 
and 8 m a t r i c e s .  

T h i s  work w i l l  be c o n t i n u e d  t o  i n v e s t i g a t e  t h e  s o l u t i o n  o f  t h e  g e n e r a l i z e d  
e i g e n  p r o b l e m  u s i n g  a b i n a r y  t r e e  t r a n s p u t e r  a r c h i t e c t u r e .  The speed-up and 
e f f i c i e n c y  o f  t h e  b i n a r y  t r e e  a r c h i t e c t u r e  a l s o  w i l l  be s t u d i e d .  

S.  M.  ARNOLD, Universi ty of Akron 

S t r u c t u r a l  a l l o y s  used i n  h i g h  t e m p e r a t u r e  a p p l i c a t i o n s  e x h i b i t  complex 
thermomechan ica l  b e h a v i o r  t h a t  i s  i n h e r e n t l y  t ime-dependent  and h e r e d i t a r y ,  i n  
t h e  sense t h a t  c u r r e n t  b e h a v i o r  depends n o t  o n l y  on  c u r r e n t  c o n d i t i o n s  b u t  on  
thermomechan ica l  h i s t o r y  as w e l l .  Recent  a t t e n t i o n  has been f o c u s e d  o n  m e t a l -  
m a t r i x  compos i te  m a t e r i a l s  f o r  e l e v a t e d  t e m p e r a t u r e  a p p l i c a t i o n s ,  e .g .  aero-  
space, where t h e y  e x h i b i t  a l l  t h e  c o m p l e x i t i e s  of c o n v e n t i o n a l  a l l o y s  ( c r e e p ,  
r e l a x a t i o n ,  r e c o v e r y ,  r a t e  s e n s i t i v i t y ,  e t c . )  and t h e i r  s t r o n g  a n i s o t r o p y  adds 
f u r t h e r  c o m p l e x i t i e s .  

One approach i n  r e p r e s e n t i n g  t h e  d e f o r m a t i o n  b e h a v i o r  of m e t a l - m a t r i x  com- 
p o s i t e  m a t e r i a l s  i s  t o  v iew  t h e  compos i te  ( f i b e r - m a t r i x  c o m b i n a t i o n )  as a 
m a t e r i a l  i n  i t s  own r i g h t ,  w i t h  i t s  own p r o p e r t i e s  t h a t  a r e  measurab le  t h r o u g h  
a p p r o p r i a t e  phenomeno log ica l  t e s t s .  F o l l o w i n g  t h i s  con t inuum v i e w p o i n t ,  h i g h  
t e m p e r a t u r e  d e f o r m a t i o n  b e h a v i o r  o f  m e t a l l i c  compos i tes  can be i d e a l i z e d  as 
pseudohomogeneous c o n t i n u a  w i t h  l o c a l l y  d e f i n a b l e  d i r e c t i o n a l  c h a r a c t e r i s t i c s .  
Pseudohomogen iza t ion  o f  t e x t u r e d  m a t e r i a l s  and a p p l i c a b i l i t y  o f  con t inuum 
mechanics depends r e l a t i v e l y  upon c h a r a c t e r i s t i c  s t r u c t u r a l  d imens ions ,  seve r -  
i t y  o f  g r a d i e n t s  and t h e  s i z e  o f  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  m a t e r i a l .  Exam- 
i n a t i o n  r e v e a l s  t h a t  t h e  a p p r o p r i a t e  c o n d i t i o n s  a r e  met i n  a s u f f i c i e n t l y  l a r g e  
c l a s s  of a n t i c i p a t e d  a p p l i c a t i o n s  o f  m e t a l l i c  compos i tes  t o  j u s t i f y  r e s e a r c h  
i n t o  t h e  f o r m u l a t i o n  o f  con t inuum based t h e o r i e s .  
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I n  r e c e n t  months t h e  a u t h o r ' s  r e s e a r c h  has been i n  s u p p o r t  o f  t h i s  c o n t i n -  
uum v i e w p o i n t ,  s p e c i f i c a l l y  w i t h  r e s p e c t  t o  an e x a m i n a t i o n  o f  t h e  f a b r i c a t i o n  
process  f o r  t u b u l a r  compos i te  t e s t  specimens and i n  t h e  development  o f  a non- 
i s o t h e r m a l  t r a n s v e r s e l y  i s o t r o p i c  e l a s t i c i t y  t h e o r y .  The f a b r i c a t i o n  p rocess  
i s  b e i n g  addressed,  because a p r e r e q u i s i t e  i n  a d o p t i n g  t h e  con t inuum approach 
i s  t h a t  r e a s o n a b l e  i n t e g r i t y  and r e p r o d u c i b i l i t y  o f  m a t e r i a l  p r o p e r t i e s  can be 
m a i n t a i n e d  even under  somewhat v a r y i n g  f a b r i c a t i o n  p rocesses  as may be r e q u i r e d  
for m a n u f a c t u r i n g  v a r i o u s  component or  specimen c o n f i g u r a t i o n s .  

A q u a l i t a t i v e  e x a m i n a t i o n  of t h e  f a b r i c a t i o n  p r o c e s s  f o r  a t u b u l a r  tung-  
s t e n  f i b e r  r e i n f o r c e d  K a n t h a l  (W/Kan tha l>  compos i te  t e s t  specimen has been com- 
p l e t e d .  The a n a l y s i s  c o n s i s t e d  of i d e a l i z i n g  t h e  t u b u l a r  specimen as a system 
o f  t h r e e  p e r f e c t l y  bonded c o n c e n t r i c  t h i c k - w a l l e d  c y l i n d e r s .  Each c y l i n d e r  
was assumed t o  behave l i n e a r l y  e l a s t i c  t h r o u g h o u t  t h e  e n t i r e  p r o c e s s .  R e s u l t s  
o f  t h e  s t u d y  i n d i c a t e d  t h e  p o t e n t i a l  for  c r a c k i n g  of t h e  t u n g s t e n  f i b e r s  under  
t h e  c u r r e n t  f a b r i c a t i o n  p r o c e s s  and a r e  i n  agreement  w i t h  m e t a l l o g r a p h i c  obse r -  
v a t i o n s .  D e t a i l s  of t h i s  s t u d y  and p o s s i b l e  g u i d e l i n e s  f o r  m o d i f i c a t i o n  o f  
t h e  c u r r e n t  f a b r i c a t i o n  p r o c e s s  t o  r e d u c e i a v o i d  f i b e r  c r a c k i n g  a r e  p r e s e n t e d  
i n  a t e c h n i c a l  r e p o r t  (number y e t  t o  be a s s i g n e d ) .  

P r e s e n t l y  a n o n i s o t h e r m a l  t r a n s v e r s e l y  i s o t r o p i c  ( a  s i n g l e  f a m i l y  o f  f i b -  
e r s  w i t h  a p r e f e r r e d  d i r e c t i o n )  e l a s t i c i t y  t h e o r y  i s  b e i n g  deve loped .  T h i s  
t h e o r y ,  i n  c o n j u n c t i o n  w i t h  t h e  e x t e n s i o n  o f  t h e  i s o t h e r m a l  t r a n s v e r s e l y  iso- 
t r o p i c  v i s c o p l a s t i c  t h e o r y  p u t  f o r t h  by Rob inson,  w i l l  p r o v i d e  a c o n s i s t e n t  
thermomechanica l  d e f o r m a t i o n  t h e o r y  fo r  m e t a l l i c  compos i tes  composed o f  a 
s i n g l e  f a m i l y  of f i b e r s .  
Rob inson ' s  v i s c o p l a s t i c  t h e o r y  i n  t h a t  t h e  d i r e c t i o n a l  dependence o f  t h e  com- 
p o s i t e  i s  i n c o r p o r a t e d  i n t o  t h e  p o t e n t i a l  f u n c t i o n ,  a l b e i t  s t r a i n  ene rgy  or 
complementary ene rgy ,  from t h e  o n s e t .  D e t a i l s  o f  t h i s  t h e o r y  w i l l  be r e a d y  
for r e l e a s e  s h o r t l y .  A lso,  i t  i s  a n t i c i p a t e d  t h a t  i n  t h e  near  f u t u r e  t h i s  
t h e o r y  w i l l  be c o u p l e d  w i t h  an a n i s o t r o p i c  c reep  damage mode l .  

The p r e s e n t  e l a s t i c  t h e o r y  i s  c o n s i s t e n t  w i t h  

R .  J. BOOONYI, Ohio State Universi ty 

Branch ing  and m e r g i n g  flows a r e  o f  i n t e r e s t  i n  p r a c t i c a l  t e r m s  i n  i n t e r n a l  
flows, and t h e y  a r e  a l s o  o f  i n t e r e s t  more g e n e r a l l y  w i t h  r e g a r d  t o  t h e  under -  
s t a n d i n g  of fundamenta l  f l u i d  dynamics s i n c e  t h e y  can c o n t a i n  some or  a l l  o f  
t h e  e lements  o f  s e p a r a t i o n ,  e d d i e s ,  r e a t t a c h m e n t ,  t h r e e - d i m e n s i o n a l i t y ,  
t r a i l i n g - e d g e  and lead ing -edge  p r o p e r t i e s .  B a s i c  t o  t h e  u n d e r s t a n d i n g  o f  t h e s e  
c o m p l i c a t e d  f e a t u r e s  and t h e i r  i n f l u e n c e ,  however, i s  t h e  r e s o l u t i o n  f i r s t  of 
more c e n t r a l  and model p rob lems wh ich  c l a r i f y  t h e  n a t u r e  o f  a f e w  o f  t h e  p o s s i -  
b l e  ma in  f e a t u r e s .  W i t h  t h i s  goa l  i n  mind,  a n u m e r i c a l  s t u d y  o f  t h e  uns teady  
p u l s a t i n g  d i v i d e d  f l ow  f i e l d  p roduced when t h e  f low i n  a two-d imens iona l  chan- 
n e l  i s  s p l i t  i n t o  two equa l  p a r a l l e l  c h a n n e l s ,  s e p a r a t e d  downstream by  an 
a l i g n e d  s p l i t t e r  p l a t e  was i n i t i a t e d .  S p e c i f i c a l l y ,  t h e  two-d imens iona l  incom- 
p r e s s i b l e  Nav ie r -S tokes  e q u a t i o n s ,  u s i n g  a v o r t i c i t y - s t r e a m  f u n c t i o n  f o r m u l a -  
t i o n ,  have been s t u d i e d  f o r  t h e  f low g e n e r a t e d  by  an o s c i l l a t o r y  f low ups t ream 
o f  t h e  s p l i t t e r  p l a t e .  S i n c e  t h e  f l u i d  m o t i o n  i s  f o r c e d  by  a p u r e l y  harmonic  
m o t i o n  ups t ream,  i t  i s  assumed t h a t  t h e  s o l u t i o n  o f  t h e  p rob lem i s  a l s o  
p e r i o d i c ,  and so t h e  s o l u t i o n  can be decomposed i n  t i m e  u s i n g  a F o u r i e r  s e r i e s .  
T h i s  approach i s  t h o u g h t  t o  have a number o f  advantages ,  such as ( 1 )  an au to-  
m a t i c  " b u i l d i n g  i n "  o f  t h e  expec ted  p e r i o d i c i t y  o f  t h e  s o l u t i o n ,  bypass ing  any 
t r a n s i e n t  s o l u t i o n s  t h a t  may e x i s t  and ( 2 )  g i v i n g  a b e t t e r  i n s i g h t  i n t o  t h e  
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d i f f e r e n t  components of t h e  s o l u t i o n ,  i n  p a r t i c u l a r ,  t h e  s t e a d y  s t r e a m  
ponent  o f  t h e  s o l u t i o n .  

ng com- 

f o r  D u r i n g  t h i s  a u t h o r ' s  v i s i t  t o  t h e  ICOMP Program, a n u m e r i c a l  code 
s o l v i n g  t h e  a p p r o p r i a t e  s y s t e m  of p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  has been deve- 
l o p e d .  I n i t i a l  t e s t i n g  of t h e  code for s e v e r a l  v a l u e s  o f  t h e  two paramete rs  
a p p e a r i n g  i n  t h e  boundary-va lue  prob lem,  namely t h e  Reynolds number and t h e  
S t r o u h a l  number, i s  underway.  P r e l i m i n a r y  r e s u l t s  have been e n c o u r a g i n g  and a 
d e t a i l e d  s t u d y  o f  t h e  s o l u t i o n  for a range o f  v a l u e s  o f  t h e  Reyno lds  and 
S t r o u h a l  numbers i s  c u r r e n t l y  under  i n v e s t i g a t i o n .  

EDWARD A. BOGUCZ, Syracuse Universi ty 

D u r i n g  my 8-week a p p o i n t m e n t  a t  ICOMP, I made p r o g r e s s  on two r e s e a r c h  
p r o j e c t s .  The f i r s t  concerned uns teady  s t a g n a t i o n - p o i n t  h e a t  t r a n s f e r  due t o  
t h e  m o t i o n  o f  f r e e s t r e a m  v o r t i c e s ' .  The e f f e c t s  o f  f r e e s t r e a m  v o r t i c e s  on  t h e  
f low and h e a t  t r a n s f e r  i n  a s t a g n a t i o n - p o i n t  boundary  l a y e r  were c o n s i d e r e d  f o r  
t h e  case o f  a c i r c u l a r  c y l i n d e r  exposed t o  an a p p r o a c h i n g  p a i r  o f  c o u n t e r -  
r o t a t i n g  l i n e  v o r t i c e s  imbedded i n  an o t h e r w i s e  u n i f o r m  c r o s s f l o w .  A n u m e r i c a l  
s o l u t i o n  f o r  t h e  uns teady  s t a g n a t i o n - p o i n t  f low was f o r m u l a t e d ,  and r e s u l t s  
w e r e  c a l c u l a t e d  f o r  s e v e r a l  v o r t e x  f low s i t u a t i o n s .  P e r t u r b a t i o n s  i n  s tagna-  
t i o n - p o i n t  h e a t  t r a n s f e r  o f  540% w e r e  found  t o  be induced  by v o r t e x  p a i r s  t h a t  
have s t r e n g t h  and s e p a r a t i o n  d i s t a n c e  suggested  by  r e c e n t  measurements and c u r -  
r e n t  LeRC e x p e r i m e n t s .  I n  a d d i t i o n ,  separa ted  f low i n  t h e  boundary  l a y e r  a t  
t h e  s t a g n a t i o n  p o i n t  was f o u n d  t o  be produced f o r  s e v e r a l  cases o f  p r a c t i c a l  
i n t e r e s t .  The r e s u l t s  suggest  t h a t  t h e  e f f e c t s  o f  f r e e s t r e a m  v o r t i c e s  may be 
s i g n i f i c a n t  i n  s i t u a t i o n s  o f  c u r r e n t  e n g i n e e r i n g  i n t e r e s t ,  such as t h e  i n t e r a c -  
t i o n  o f  uns teady  wakes w i t h  downstream t u r b o m a c h i n e r y  b l a d e s .  

The second concerned t u r b u l e n t  wake c a l c u l a t i o n s 2 .  Numer i ca l  s o l u t i o n s  o f  
t h e  b o u n d a r y - l a y e r  e q u a t i o n s  w e r e  o b t a i n e d  f o r  t h e  symmet r ic  t u r b u l e n t  wake o f  
a t h i n  f l a t  p l a t e .  I n  t h e  near  wake, a s i m p l e  a l g e b r a i c  eddy v i s c o s i t y  model 
deve loped i n  a r e c e n t  a n a l y t i c a l  s t u d y  was used, and t h e  computed r e s u l t s  were  
f o u n d  t o  s u p p o r t  t h e  a n a l y t i c a l  d e s c r i p t i o n  o f  t h e  near  wake f low, wh ich  i s  
based on an a s y m p t o t i c  a n a l y s i s  o f  t h e  g o v e r n i n g  e q u a t i o n s .  Downstream o f  t h e  
near-wake r e g i o n ,  a c c u r a t e  r e p r e s e n t a t i o n s  o f  e x p e r i m e n t a l  d a t a  were o b t a i n e d  
u s i n g  an a l g e b r a i c  model i n  wh ich  t h e  eddy v i s c o s i t y  i s  c o n s t a n t  a c r o s s  t h e  
wake, b u t  l i n e a r l y  i n c r e a s i n g  w i t h  d i s t a n c e  f r o m  t h e  t r a i l i n g  edge. The com- 
p u t e d  r e s u l t s  suggest  f u r t h e r  a n a l y t i c a l  work, wh ich  i s  c u r r e n t l y  underway.  

NOTES 

lWork pu rsued  i n  c o l l a b o r a t i o n  w i t h  F. A .  Lyman, who i n i t i a t e d  a s t u d y  o f  
uns teady  boundary - laye r  h e a t  t r a n s f e r  due to  t h e  m o t i o n  o f  f r e e s t r e a m  v o r t i c e s  
d u r i n g  an appo in tmen t  a t  ICOMP from September, 1985 t o  May, 1986. 

2Work pu rsued  i n  c o l l a b o r a t i o n  w i t h  J .  D .  A .  Walker d u r i n g  h i s  4-week s t a y  a t  
ICOMP i n  J u n e l J u l y ,  1987. 

LOLA BOYCE, The Universi ty o f  Texas a t  San Antonio 

P r o b a b i l i s t i c  methods a r e  p a r t i c u l a r l y  u s e f u l  i n  t h e  d e s i g n  and a n a l y s i s  
o f  c r i t i c a l  sys tems and components t h a t  o p e r a t e  i n  severe  and u n c e r t a i n  
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env i ronmen ts .  These methods have r e c e n t l y  f ound  a p p l i c a t i o n  i n  space p r o p u l -  
s i o n  systems t o  improve t h e  r e l i a b i l i t y  o f  eng ine  components. I n  o r d e r  t o  
address  t h e  r e l i a b i l i t y  of such components, m a t e r i a l  s t r e n g t h  d e g r a d a t i o n  as 
w e l l  as l o a d i n g  and s t r u c t u r a l  a n a l y s i s  must  be addressed i n  a p r o b a b i l i s t i c  
manner. 

M a t e r i a l  s t r e n g t h  d e g r a d a t i o n  i s  q u a n t i f i e d  by  damage i n d i c a t o r s  such as 
c r a c k  l e q g t h ,  f a t i g u e  s t r e n g t h  or s t i f f n e s s  d e g r a d a t i o n ,  t h a t  change o v e r  
t i m e .  U s u a l l y  e x p e r i m e n t a l  d a t a  t h a t  r e l a t e  damage and t i m e  a r e  r e p r e s e n t e d  
as d e t e r m i n i s t i c  ma themat i ca l  models  u s i n g  methods such as f r a c t u r e  mechan ics ,  
mic romechan ics  c o n s t i t u t i v e  t h e o r y  or s i m p l y  a power l a w  r e p r e s e n t a t i o n  o f  t h e  
f a t i g u e  S-N d iag ram.  Models  may i n c l u d e  pa ramete r  e f f e c t s  such as t e m p e r a t u r e ,  
c a s t i n g  p o r o s i t y ,  mean s t r e s s ,  r e s i d u a l  s t r e s s e s ,  and so on .  They can be used 
t o  p r e d i c t  t h e  " t i m e  t o  r e a c h  a c r i t i c a l  m a t e r i a l  damage l e v e l . "  Thus, aero-  
space p r o p u l s i o n  sys tem component l i f e t i m e s  may be e s t i m a t e d .  

Exper ience  has shown t h a t  under  f a t i g u e  l o a d i n g ,  such e s t i m a t e s  o n l y  
r o u g h l y  c o r r e l a t e  w i t h  w i d e l y  s c a t t e r e d  obse rved  l i f e t i m e s ,  s i n c e  f a t i g u e  i s  
e s s e n t i a l l y  a random phenomenon. The p r o b a b i l i s t i c  a n a l y s i s  o f  two s e l e c t e d  
m a t e r i a l  s t r e n g t h  d e g r a d a t i o n  mode ls ,  a s t r e n g t h  r e d u c t i o n  model and a 
f a t i g u e  c r a c k  g r o w t h  mode l ,  a r e  c a r r i e d  o u t  u s i n g  s i m u l a t i o n .  The s t r e n g t h  
r e d u c t i o n  model i s  s u b j e c t e d  to  two methods of p r o b a b i l i s t i c  d e n s i t y  f u n c t i o n  
g e n e r a t i o n ,  namely,  maximum p e n a l i z e d  l i k e l i h o o d  and maximum e n t r o p y .  These 
p r o b a b i l i s t i c  models  p r e d i c t  t h e  "random t i m e  t o  r e a c h  a c r i t i c a l  m a t e r i a l  
damage l e v e l . "  Thus, t h e  i n f o r m a t i o n  a v a i l a b l e  upon wh ich  t o  e s t i m a t e  t h e  
l i f e t i m e  o f  an aerospace p r o p u l s i o n  system component i s  i n c r e a s e d .  

These p r o b a b i l i s t i c  m e t h o d o l o g i e s  a r e  embodied i n  t h r e e  a l g o r i t h m s  and 
coded i n  FORTRAN. Example prob lems t h a t  c o n s i d e r  d a t a  a p p r o x i m a t e l y  t y p i c a l  
of  c a s t  n i c k e l  base super  a l l o y s  a r e  p r e s e n t e d .  R e s u l t s  a r e  p r e s e n t e d  i n  t h e  
form o f  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  and c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n s  o f  
t h e  random t i m e  ( i n  l o g  of c y c l e s )  t o  r e a c h  a c r i t i c a l  c r a c k  s i z e  or a c r i t i -  
c a l  a l t e r n a t i n g  s t r e s s  l e v e l ,  t h e  f a t i g u e  s t r e n g t h .  

FRED SHIH-HUNG CHANG, Cleveland State University 

The r e s e a r c h  on  d e v e l o p i n g  u n i f o r m  o r d e r  e s s e n t i a l l y  n o n - o s c i l l a t o r y  (ENO) 
schemes was c o n t i n u e d .  A l g o r i t h m s  have been deve loped ,  coded and t e s t e d  on 
model p rob lems .  F i r s t ,  t h e  n u m e r i c a l  e x p e r i m e n t  was done on  s i n g l e  conserva-  
t i o n  laws,  w i t h  b o t h  convex and non-convex cases ,  and v e r y  good r e s u l t s  were 
o b t a i n e d .  Then a u n i f o r m  second-order  EN0 a l g o r i t h m  was deve loped  f o r  t h e  
1D E u l e r  e q u a t i o n s .  I n  t h i s  a l g o r i t h m ,  an approx ima te  Riemann s o l v e r  o f  Roe 's  
t y p e  was used.  
as expec ted .  An e x a c t  Riemann s o l v e r  was t h e n  deve loped  f o r  t h e  1D E u l e r  equa- 
t i o n s .  
l e m .  An e x t e n s i v e  s t u d y  on  t h e  compar ison w i t h  TVD schemes i s  b e i n g  made i n  
c o o p e r a t i o n  w i t h  D r .  M .  S .  L i o u  o f  t h e  CFD Branch a t  NASA Lew is .  

The t e s t i n g  r e s u l t s  on  S o d ' s  and L a x ' s  p rob lems a r e  v e r y  good 

Very  e n c o u r a g i n g  r e s u l t s  were o b t a i n e d  on  a v e r y  s t r o n g  shock p rob -  

A two-d imens iona l  v e r s i o n  o f  t h e  EN0 scheme based on  t h e  two-d imens iona l  
E u l e r  e q u a t i o n s  was t h e n  deve loped.  The n u m e r i c a l  c o m p u t a t i o n  was pe r fo rmed  
on t h e  p rob lem i n v o l v i n g  t h e  r e f l e c t i o n  o f  a shock from a p l a n e  w a l l .  The 
ups t ream Mach number was 2 . 9  and shock a n g l e  29 degrees .  
EN0 r e s u l t s  a r e  v e r y  good and p r o v e  t h a t  t h i s  approach t o  shock c a p t u r i n g  i s  
i ndeed  v e r y  p r o m i s i n g .  

The two-d imens iona l  
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TlAO J. CHANG, Ohio Universi ty 

A seminar entitled, "Stochastic Approach for Studying Occurrences of Rare 
Events," was presented. The developed nonhomogeneous Poisson process for 
occurrences of rare events can be used to investigate the behaviors of airplane 
accidents due to failures of certain type of engine or of a particular design. 
Alternatively, a deterministic approach has been used for the study of air 
pressure-surge phenomena in a supersonic inlet. 

The optimum design of a supersonic inlet and its associated auxiliary air 
systems must supply a continuous airflow required by the engine at certain 
pressure level. Due to atmospheric turbulence or acoustical resonance, large 
inlet flow fluctuations may occur and result in undesirable pressure surges 
that damage inlet structures and their auxiliary systems. Therefore, it is 
desired to precisely understand the air pressure-surge phenomena for designing 
aircraft inlet systems. Prior difficulties in studying the air pressure-surge 
phenomena have centered around the discontinuous problems of numerical solu- 
tions to the governing equations. Methods using the lumped volume scheme 
approximate transient flows by transfer functions to simulate pressure signal 
transit times. These methods may be sufficiently accurate for a short air 
induction duct, but their accuracies deteriorate for a long inlet system. The 
linearized small perturbation method, assuming that the dependent variables 
deviate only slightly from their steady-state values, combines a set of linear- 
ized equations with an exact solution of linearized wave equations to solve the 
problem. Since the method is based on a linearized treatment of equations, it 
is strictly applicable only for an inlet with small flow perturbations. The 
method of characteristics arranges the governing equations into the character- 
istic forms and solves the problems iteratively along the characteristic lines. 
However, the discontinuities due to shock waves will appreciably complicate the 
programming requirements of the scheme. 
is to develop the governing equations for the air pressure-surge phenomena and 
to solve these equations by the total variation diminishing scheme to obtain a 
comp ete understanding of pressure-surge effects on inlet system designs. The 
tota variation diminishing scheme has been demonstrated successfully in solv- 
ing he discontinuity problems of numerical solutions by limiting antidiffu- 
sive flux differences with some nonlinear functions. 

The objective of this proposed study 

ABHISAK CHULYA, Cleveland State Universi ty 

My research involves the development of fast numerical integration tech- 

These equations involve the 
niques for the stiff differential equations that govern the constitutive behav- 
ior of materials operating at high temperatures. 
coupled plasticitylcreep response of materials to thermomechanical loads. They 
constitute the major difficulty in the economic computer simulation of the 
structural response of aerospace propulsion machinery operating at high 
temperatures. 

STEPHEN COWLEY, Imperial College of Science and Technology 

Work by Professor F. T. Smith and others has shown that, in the limit of 
high Reynolds numbers, Tollmien-Schlichting (T-S) waves can be described by the 
"triple-deck" boundary-layer equations. To be more precise, T-S waves can 
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be mode l l ed  by these  e q u a t i o n s  i n  t h e  r e g i o n  o f  pa ramete r  space n e a r  t h e  l o w e r  
b ranch  o f  t h e  l i n e a r  n e u t r a l  c u r v e .  However, T-S waves a r e  n o t  t h e  o n l y  i n s t a -  
b i l i t i e s  t h a t  t hese  e q u a t i o n s  d e s c r i b e ;  T u t t y  and Cowley (1986)  and S m i t h  and 
Bodonyi (1985)  have shown t h a t  R a y l e i g h  waves a r e  a n o t h e r  p o s s i b i l i t y .  T u t t y  
and Cowley (1986)  showed t h a t  t h e  R a y l e i g h  i n s t a b i l i t y  l eaves  t h e  t r i p l e - d e c k  
p rob lem i l l - p o s e d ,  w i t h  t h e  r a t e - o f - g r o w t h  o f  t h e  i n s t a b i l i t y  i n c r e a s i n g  mono- 
t o n i c a l l y  w i t h  wavenumber ( c f .  K e l v i n - H e l m h o l t z  i n s t a b i l i t y  i n  i n v i s c i d  f l o w ) .  
I n  o r d e r  t o  o b t a i n  a c c u r a t e  n u m e r i c a l  s o l u t i o n s  i t  i s  t h e r e f o r e  necessa ry  t o  
c o n t r o l  r o u n d i n g  error.  The g o v e r n i n g  e q u a t i o n s  were s o l v e d  by a s p e c i a l  
F o u r i e r  method i n c o r p o r a t i n g  t h e  f i l t e r i n g  t e c h n i q u e  proposed by K rasny  (1986)  
f o r  t h e  K e l v i n - H e l m h o l t z  p rob lem.  T h i s  " c u t - o f f "  f i l t e r  c o n s i s t s  o f  s e t t i n g  
a l l  F o u r i e r  modes w i t h  magn i tude l e s s  t h a n  a r o u n d i n g  c o n s t a n t  t o  z e r o .  A s  a 
l e s s  c rude  f i l t e r ,  an a t t e m p t  was a l s o  made t o  model t h e  expec ted  e x p o n e n t i a l  
t a i l  o f  t h e  F o u r i e r  s e r i e s  wh ich  a r e  used t o  d e s c r i b e  t h e  p h y s i c a l  q u a n t i t i e s  
o f  i n t e r e s t .  I t  was shown by  an a n a l y s i s  of t h i s  e x p o n e n t i a l  decay t h a t  a s i n -  
g u l a r i t y  c o u l d  deve lop  a f t e r  a f i n i t e  t i m e ;  t h i s  was i n d i c a t e d  b y  t h e  F o u r i e r  
modes d e c a y i n g  a l g e b r a i c a l l y ,  r a t h e r  t h a n  e x p o n e n t i a l l y ,  w i t h  wavenumber a t  
t h i s  t i m e .  The s i n g u l a r i t y  i n d i c a t e s  t h a t  t h e  model o f  T-S waves u s i n g  t h e  
t r i p l e - d e c k  e q u a t i o n s  i s  o n l y  v a l i d  f o r  a f i n i t e  t i m e .  A l t h o u g h  t h e  c a l c u l a -  
t i o n s  were done fo r  two-d imens iona l  f lows, s i m i l a r  i n s t a b i l i t i e s  a l s o  o c c u r  i n  
t h r e e - d i m e n s i o n s ,  as i s  more r e l e v a n t  fo r  " t r a n s i t i o n  t o  t u r b u l e n c e . "  
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I per fo rmed  r e s e a r c h  on  t h r e e  d i f f e r e n t  t o p i c s .  The f i rs t  t o p i c  i n v o l v e d  
development  of a computer  code f o r  t h e  a n a l y s i s  of g i v e n  cascade shapes u s i n g  
S t ream-Func t ion -Coord ina te  (SFC)  f o r m u l a t i o n  f o r  i n v i s c i d  s teady  c o m p r e s s i b l e  
f lows. I n  a d d i t i o n ,  t h e  same code i s  capab le  o f  i t e r a t i v e l y  d e t e r m i n i n g  
shapes of t h e  a i r f o i l s  t h a t  co r respond  t o  t h e  p r e s c r i b e d  s u r f a c e  Mach number 
d i  s tr i b u t  i on.  

The second p r o j e c t  i n v o l v e d  d e r i v a t i o n  o f  c a n o n i c a l  forms o f  t h e  SFC equa- 
t i o n s  t h a t  a r e  s u i t a b l e  f o r  t h e  aerodynamic a n a l y s i s  and i n v e r s e  d e s i g n  
o f  th ree -d imens iona l  c o n f i g u r a t i o n s .  

The t h i r d  p r o j e c t  d e a l t  w i t h  t h e  n u m e r i c a l  i n t e g r a t i o n  o f  one d imens iona l  
forms o f  t h e  f u l l  p o t e n t i a l  t r a n s o n i c  e q u a t i o n  w i t h  d i f f e r e n t  forms o f  numer i -  
c a l  d i s s i p a t i o n .  A new form of t h e  p h y s i c a l l y  based n u m e r i c a l  d i , s s i p a t i o n  was 
t e s t e d  and shown t o  be a b l e  t o  produce non-nega t i ve  e n t r o p y  jumps a c r o s s  shock 
waves. Moreover ,  t h e  new f o r m u l a t i o n  i s  e n t i r e l y  a n a l y t i c .  I t  i s  capab le  o f  
p r o d u c i n g  shock waves o f  d i f f e r e n t  s t r e n g t h s  i n  a f u l l y  c o n t r o l l e d  f a s h i o n  
s i n c e  t h e  i n p u t  parameters  a r e  p h y s i c a l  c o e f f i c i e n t s  o f  v i s c o s i t y .  
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GRAHAM K .  ELLIS, Vi rg in ia  Polytechnic I n s t i t u t e  and State Univers 

The main  goa l  o f  t h e  r e s e a r c h  e f f o r t  t h i s  p a s t  y e a r  has been t h e  deve lop -  
ment of g r a p h i c s  and a n i m a t i o n  r o u t i n e s  on  t h e  t r a n s p u t e r  based p a r a l l e l  p r o c -  
e s s i n g  sys tem.  Due t o  t h e  immature s o f t w a r e  for t h i s  new s y s t e m ,  c o n s i d e r a b l e  
e f f o r t  has gone i n t o  d e v e l o p i n g  u s e f u l  r o u t i n e s  t o  supplement  t h e  development  
t o o l s  p r o v i d e d  w i t h  t h e  sys tem.  

I n i t i a l  e f f o r t s  concerned t h e  development  o f  a PC based g r a p h i c s  e m u l a t o r  
so t r a n s p u t e r  g r a p h i c s  code c o u l d  be deve loped  w i t h o u t  a t r a n s p u t e r  g r a p h i c s  
b o a r d .  A s i n g l e  t r a n s p u t e r  on a PC p l u g - i n  c a r d  was used f o r  t h i s  r e s e a r c h .  

The Inmos T r a n s p u t e r  E v a l u a t i o n  Module ( I T E M )  was r e c e i v e d  6 / 8 7  and was 
i n s t a l l e d  and t e s t e d .  Vendor -prov ided checkou t  s o f t w a r e  was used t o  p e r f o r m  
t h i s  t a s k .  

The I T E M  c o n s i s t s  of 40 t r a n s p u t e r s  w i t h  256 KBytes of memory p e r  p roces -  
sor. A d d i t i o n a l  hardware  r e c e i v e d  i n c l u d e s  a t r a n s p u t e r  based g r a p h i c s  boa rd  
and 27 s p e c i a l  i n t e g e r  t r a n s p u t e r s .  

Due t o  t h e  unusua l  so f tware  development  env i ronmen t  used on t h e  t r a n s -  
p u t e r ,  s p e c i a l  d i s k  i n p u t / o u t p u t  (I/O> r o u t i n e s  were deve loped  to p r o v i d e  
access t o  s t o r e d  f i l e s  i n  a s t a n d a r d  f a s h i o n .  These r o u t i n e s  p r o v i d e  a f i l e  
i n t e r f a c e  s i m i l a r  t o  those  i n  programming languages l i k e  C or FORTRAN. 

One o f  t h e  g o a l s  was t o  be a b l e  t o  p l o t  (and an ima te )  t h e  o u t p u t  f r o m  a 
NASTRAN f i n i t e  e lement  a n a l y s i s .  A g e n e r a l  purpose package c o n s i s t i n g  o f  two 
programs was w r i t t e n  t o  pe r fo rm d a t a  r e d u c t i o n  and s o r t i n g  on  a NASTRAN d a t a  
deck echo. B o t h  programs were  w r i t t e n  i n  C because o f  i t s  e x c e l l e n t  s t r i n g  
and t e s t  m a n i p u l a t i o n  a b i l i t i e s  as w e l l  as i t ' s  i n h e r e n t  p o r t a b i l i t y  from one 
computer sys tem t o  a n o t h e r .  A l l  o f  t h e  f u n c t i o n s  i n  t h e  code a r e  des igned  to  
be s m a l l ,  modu la r ,  and p o r t a b l e  so u s e r s  can q u i c k l y  adap t  t h e  code t o  t h e i r  
p a r t i c u l a r  needs. 

A number of g e n e r a l  two-d imens iona l  g r a p h i c s  r o u t i n e s  have been w r i t t e n  t o  
a l l o w  a u s e r  to  g e n e r a t e  g r a p h i c s  o u t p u t  from d a t a  p r o v i d e d  t o  t h e  t r a n s p u t e r  
s y s t e m .  S tandard  w indowing,  c l i p p i n g ,  l i n e .  p o l y g o n ,  c i r c l e  and a r c  r o u t i n e s  
a r e  p r o v i d e d  t o  a l l o w  a u s e r  t o  work i n  a w o r l d  c o o r d i n a t e  s y s t e m  w i t h o u t  con- 
c e r n  f o r  t h e  g r a p h i c s  d e v i c e  b e i n g  used for o u t p u t .  

Because t h e  s t a n d a r d  g r a p h i c s  boa rd  used on t h e  t r a n s p u t e r  sys tem i s  too 
slow f o r  r e a l i s t i c  a n i m a t i o n ,  a r e v i s e d  v e r s i o n  o f  t h e  s o f t w a r e  d r i v e r s  a r e  
b e i n g  worked on t o  a c c e l e r a t e  p l o t t i n g  speeds. 
o f  t h e  s p e c i a l  i n t e g e r  t r a n s p u t e r s  f o r  t h e  d i s p l a y  p r o c e s s i n g  r a t h e r  t h a n  t h e  
s t a n d a r d  s i n g l e  t r a n s p u t e r .  T h i s  work i s  c u r r e n t l y  i n  p r o g r e s s .  

The c u r r e n t  r e s e a r c h  used 18 

A s i d e  b e n e f i t  o f  t h e  m u l t i p l e  t r a n s p u t e r  d i s p l a y  p r o c e s s o r  work has been 
t h e  development  o f  a method t o  s i m u l a t e  g l o b a l  memory on  a t r a n s p u t e r  ne twork  
w i t h  o n l y  l o c a l  memory. 

O t h e r  a c t i v i t i e s  per formed t h i s  y e a r  i n c l u d e  s e r v i n g  as a t e c h n i c a l  a d v i -  
sor t o  summer f a c u l t y  i n v o l v e d  i n  t r a n s p u t e r  based r e s e a r c h  a c t i v i t i e s .  
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M. R .  FOSTER, Ohio State  University 

I had i n  mind  f o r  my four -week s t a y  a t  ICOMP t h a t  I would f i n i s h  up some 
n u m e r i c a l  work a l r e a d y  begun u s i n g  t h e  CRAY t o  do some heavy c o m p u t a t i o n s .  
The r e s e a r c h  has t o  d o  w i t h  t h e  s t a b i l i t y  o f  L o n g ' s  v o r t e x ,  a p a r t i c u l a r  l i m i t  
s o l u t i o n  o f  t h e  Nav ie r -S tokes  e q u a t i o n s .  The v o r t i c e s  a r e  h i g h l y  u n s t a b l e  t o  
s m a l l ,  h e l i c a l  d i s t u r b a n c e s ,  P r o f e s s o r  F .  T .  Smi th  o f  U n i v e r s i t y  C o l l e g e ,  
London and I have comp le ted  an a s y m p t o t i c  a n a l y s i s  for b o t h  modes o f  t h e  v o r -  
t e x ;  t h e  s inuous  and v a r i c o s e  modes. Numer ica l  c o m p u t a t i o n  of t h e s e  modes i s  
accomp l i shed  by  a Newton i t e r a t i o n  p r o c e d u r e  on  v o r t e x  p r o f i l e s  o b t a i n e d  by a 
s h o o t i n g  t e c h n i q u e .  The r e s u l t s  of t h e  compu ta t i ons  show good agreement  w i t h  
t h e  a s y m p t o t i c  r e s u l t s  for  t h e  s inuous  mode, b u t  t h e  v a r i c o s e  mode numer i cs  
s t i l l  s t r o n g l y  d i s a g r e e .  S i n c e  I have been he re ,  t h e  p rob lem i s  a "mode- 
j ump ing"  phenomenon, wh ich  has p roved  d i f f i c u l t  t o  c o u n t e r .  

S e v e r a l  pe rsons  i n  ICOMP and a l s o  some permanent Lewis  employees have o f f -  
e r e d  h e l p f u l  s u g g e s t i o n s .  D r .  Bodony i ,  i n  p a r t i c u l a r ,  made a s u g g e s t i o n  o f  an 
a l t e r a t i o n  o f  t h e  scheme, wh ich  was easy  t o  imp lement .  U n f o r t u n a t e l y ,  t h a t  
d i d  n o t  s o l v e  t h e  p rob lem.  D r .  Jacqmin made two o b s e r v a t i o n s  a b o u t  a l t e r n a -  
t i v e s  t o  t h e  p r e s e n t  p r o c e d u r e ,  one i n v o l v i n g  a v a r i a n t  n u m e r i c a l  f o r m u l a t i o n ,  
wh ich  I have n o t  y e t  had t h e  o p p o r t u n i t y  t o  imp lement .  D r .  G o l d s t e i n  and mem- 
b e r s  o f  h i s  g roup ,  i n  p a r t i c u l a r  D r s .  L i e b  and Ashp is  have o f f e r e d  some h e l p -  
f u l  comments on  t h e  c o u r s e  o f  t h e  a n a l y s i s .  

I n  summary, i n  te rms  of h e l p f u l  s u g g e s t i o n s  on  t h e  f u t u r e  c o u r s e  o f  my 
r e s e a r c h  from persons  w o r k i n g  a t  Lewis  or a t  ICOMP and g e n e r a l  i n t e r a c t i o n  
w i t h  f e l l o w  p r o f e s s i o n a l s ,  I have f o u n d  t h i s  t i m e  t o  have been a most s t i m u l a t -  
i n g  f o u r  weeks .  

MURLI M .  GUPTA, George Washington University 

I worked on  i t e r a t i v e  methods f o r  t h e  s o l u t i o n  o f  l i n e a r  a l g e b r a i c  sys- 
tems. I f  c o n v e c t i o n - d i f f u s i o n  e q u a t i o n s  a r e  d i s c r e t i z e d  u s i n g  c e n t r a l  d i f f e r -  
ences and t h e  r e s u l t i n g  systems o f  a l g e b r a i c  e q u a t i o n s  a r e  s o l v e d  by  p o i n t  
J a c o b i  method, t h e  i t e r a t i o n s  d i v e r g e  whenever t h e  c o n v e c t i o n  te rms a r e  l a r g e .  
The e i g e n v a l u e  spec t rum of t h e  J a c o b i  i t e r a t i o n  m a t r i x  has t h e  p r o p e r t y  t h a t  
t h e  r e a l  p a r t  o f  a l l  e i g e n v a l u e s  l i e  i n  (-l,l), though t h e  i m a g i n a r y  p a r t s  can 
be v e r y  l a r g e .  I n  such a case ,  a spec t rum e n v e l o p i n g  t e c h n i q u e  can be a p p l i e d  
to  o b t a i n  convergen t  i t e r a t i o n s  [ll. When Gauss-Seidel  or s u c c e s s i v e  o v e r -  
r e l a x a t i o n  i s  used t o  s o l v e  t h e  l i n e a r  system, t h e  spec t rum e n v e l o p i n g  i s  n o t  
a p p l i c a b l e  as t h e  r e a l  p a r t s  o f  many of t h e  e i g e n v a l u e s  o f  t h e  i t e r a t i o n  m a t r i x  
a r e  s m a l l e r  t h a n  - 1 .  A s c a l i n g  pa ramete r  can be d e f i n e d  i n  t h i s  case t o  t r a n s -  
form t h e  i t e r a t i o n  m a t r i x  such t h a t  t h e  r e a l  p a r t s  of a l l  e i g e n v a l u e s  o f  t h e  
t rans fo rmed  m a t r i x  l i e  i n  ( - 1 , l )  and r e s u l t s  o f  [ll a r e  a p p l i c a b l e .  

I m o d i f i e d  t h e  spec t rum e n v e l o p i n g  a l g o r i t h m  of [ 1 1  t o  i n c o r p o r a t e  t h i s  
spec t rum t r a n s f o r m a t i o n .  The r e s u l t i n g  code a u t o m a t i c a l l y  l o c a t e s  t h e  e igen -  
v a l u e  spect rum, e s t i m a t e s  t h e  pa ramete rs  and dec ides  whether  spec t rum t r a n s f o r -  
m a t i o n ,  spec t rum e n v e l o p i n g  or a c o m b i n a t i o n  a r e  to  be used. T h i s  code works 
w e l l  on c o n v e c t i o n - d i f f u s i o n  and b i h a r m o n i c  e q u a t i o n s  and i s  b e i n g  t e s t e d  f o r  
r o b u s t n e s s  and v e r s a t i l i t y  o n  Amdahl 5860 and Cray  X-MP24. A p p l i c a t i o n s  t o  
Nav ie r -S tokes  e q u a t i o n s  a r e  con temp la ted .  
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A f t e r  a t t e n d i n g  one o f  t h e  ICOMP seminars ,  I d e c i d e d  t o  t a k e  a look a t  t h e  
b i h a r m o n i c  e q u a t i o n .  I t  i s  w e l l  known t h a t  t h e  1 3 - p o i n t  a p p r o x i m a t i o n  l e a d s  t o  
an i l l - c o n d i t i o n e d  system; one encoun te rs  d i v e r g e n c e  when t h e  Jacob i  method i s  
used t o  s o l v e  t h i s  system. I d i s c o v e r e d  t h a t  t h e  r e a l  p a r t  o f  s e v e r a l  o f  t h e  
e i g e n v a l u e s  o f  t h e  J a c o b i  i t e r a t i o n  m a t r i x  has a v a l u e  c l o s e  t o  - 2 .  The m a t r i x  
t r a n s f o r m a t i o n  t e c h n i q u e  d e s c r i b e d  e a r l i e r  i s  a p p l i c a b l e  and works v e r y  w e l l .  
A s u r p r i s i n g  d i s c o v e r y  was t h a t  t h e  Gauss-Seidel  i t e r a t i o n  f o r  t h e  d i s c r e t e  
b i h a r m o n i c  e q u a t i o n  i s  c o n v e r g e n t  and t h e  spec t rum e n v e l o p i n g  t e c h n i q u e  [ 1 1  i s  
a p p l i c a b l e  f o r  a c c e l e r a t i n g  t h e  convergence i n  t h i s  case.  The code d e s c r i b e d  
e a r l i e r  works v e r y  w e l l  f o r  t h e s e  p rob lems .  A p p l i c a t i o n s  t o  Stokes  f l ow  p rob -  
lems a r e  c o n t e m p l a t e d .  
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The theme o f  my r e s e a r c h  a t  ICOMP was t h e  deve lopment  and t e s t i n g  o f  accu-  
r a t e  boundary  c o n d i t i o n s  t o  be imposed a t  a r t i f i c i a l  boundar ies  f o r  t h e  numer i -  
c a l  s o l u t i o n  o f  t i m e  dependent  p rob lems i n  f l u i d  mechan ics .  A l t h o u g h  t h e  
approach I used i s  a g e n e r a l  one, my e f f o r t s  were c o n c e n t r a t e d  on  two p a r t i c u -  
l a r  s i t u a t i o n s :  t h e  o u t f l o w  boundary  for a v i s c o u s ,  p a r a l l e l  shear f low and 
" r a d i a t i o n "  c o n d i t i o n s  f o r  e x t e r i o r  f lows i n  i s e n t r o p i c  gas dynamics.  

The boundary  c o n d i t i o n s  I propose f o r  shear  flows a r e  based on  t h e  numer i -  
c a l  s o l u t i o n  o f  t h e  s p a t i a l  Or r -Sommer f i e ld  e q u a t i o n .  B o t h  t h e  g roup  v e l o c i t y  
and t h e  s p a t i a l  e x p o n e n t i a l  decay r a t e  a r e  computed. The l a t t e r ,  o f  cou rse ,  
i s  p r e s e n t  due t o  t h e  v i s c o s i t y .  To compute a s y m p t o t i c  expans ions  f a r  down- 
stream, I s i m p l y  l o c a t e  ( n u m e r i c a l l y )  t h e  wave p a c k e t s  w i t h  t h e  m in ima l  s p a t i a l  

decay r a t e s .  G iven  t h e s e ,  a c c u r a t e  boundary  c o n d i t i o n s  can be c o n s t r u c t e d  
( a t  l e a s t  i n  t h e  l i n e a r  r e g i m e ) .  For channe l  f l o w s  a t  moderate Reyno lds  num- 
b e r s  ( s a y  100 t o  4000), t h e  dominant  wave p a c k e t s  have tempora l  f requency  z e r o  
- i . e .  s l o w l y  v a r y i n g  s o l u t i o n s .  Fo r  h i g h e r  Reyno lds  number, a p a c k e t  a t  a 
h i g h e r  f r e q u e n c y  comes i n t o  p l a y .  T h i s  i s  t h e  wave wh ich  w i l l  e v e n t u a l l y  
become u n s t a b l e .  S u c c e s s f u l  n u m e r i c a l  t e s t s  o f  t h e s e  c o n d i t i o n s  have been c a r -  
r i e d  o u t  a t  moderate Reyno lds  numbers fo r  channe l  f lows w i t h  imposed p e r t u r b a -  
t i o n s  a t  i . n f l o w  and a r e  under  way f o r  f l ow  o v e r  a backward f a c i n g  s t e p .  

A f u t u r e  r e s e a r c h  p r o j e c t  wh ich  w i l l  make use o f  these  r e s u l t s  i s  t h e  
s t u d y  of t h e  s p a t i a l  deve lopment  o f  s u b c r i t i c a l  and s u p e r c r i t i c a l  t r a n s i t i o n a l  
flows. I n  t h e  f i rst  p l a c e ,  t h e  d i s p e r s i o n  r e l a t i o n s  I have computed a r e  u s e f u l  
i n  t h e  deve lopment  o f  a n a l y t i c a l  t h e o r i e s .  Second ly ,  one e x p e c t s  t h e  a c c u r a t e  
t r e a t m e n t  of t h e  o u t f l o w  boundary  c o n d i t i o n  t o  be necessa ry  fo r  r e l i a b l e  l o n g  
t i m e  c o m p u t a t i o n s ,  e s p e c i a l l y  f o r  an  u n s t a b l e  f low. 

The s o l u t i o n  o f  t h e  gas dynamics p rob lem,  done i n  c o n j u n c t i o n  w i t h  P r o f e s -  
sor S.  I .  H a r i h a r a n  o f  t h e  U n i v e r s i t y  o f  Akron,  makes use o f  e n t i r e l y  d i f f e r e n t  
t e c h n i q u e s .  We assume t h e  E u l e r  e q u a t i o n s  gove rn  t h e  f low and t h a t  t h e  f a r  
f i e l d  s o l u t i o n  i s  s p h e r i c a l l y  symmet r i c .  Many a u t h o r s  c o n s t r u c t  c o n d i t i o n s  
based on a p r i n c i p l e  o f  no  r e f l e c t i o n  - i . e .  no  i n c o m i n g  waves a t  t h e  a r t i f i -  
c i a l  boundary .  I t  has been documented, however, t h a t  t h e s e  y i e l d  d i s a p p o i n t i n g  
r e s u l t s  f o r  prob lems w i t h  s p h e r i c a l  symmetry. T h i s  i s  due t o  t h e . . f a c t  t h a t  t h e  
incoming and o u t g o i n g  waves a r e  c o u p l e d  - c a u s i n g  " n a t u r a l "  r e f l e c t i o n s .  Our 
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approach i s  t o  use t h e  method o f  c h a r a c t e r i s t i c s  t o  compute an a s y m p t o t i c  s o l u -  
t i o n  o f  an a p p r o p r i a t e  i n i t i a l  boundary  v a l u e  p rob lem i n  t h e  r e g i o n  e x t e r i o r  
t o  t h e  c o m p u t a t i o n a l  domain.  We f i n d  an a s y m p t o t i c  " r e f l e c t i o n "  o p e r a t o r  and, 
hence,  a r e f l e c t i n g  boundary  c o n d i t i o n .  We t e s t e d  t h e  c o n d i t i o n  f o r  a b u r s t -  
i n g  b a l l o o n  p rob lem and f o u n d  t h a t  t h e  r e s u l t s  compared q u i t e  f a v o r a b l y  t o  
t h o s e  produced w i t h  t h e  n o n - r e f l e c t i n g  c o n d i t i o n .  Even on  s m a l l  domains,  t h e  
c o r r e c t  s teady  s t a t e  was reached .  

Among t h e  d i r e c t i o n s  f o r  f u t u r e  work a r e  t h e  f o r m a l  i n c l u s i o n  o f  d e v i a -  
t i o n s  from s p h e r i c a l  symmetry i n  t h e  a s y m p t o t i c  a n a l y s i s ,  t e s t i n g  o f  t h e  c o n d i -  
t i o n s  i n  a nonsymmet r ic  case and a p p l i c a t i o n s  t o  prob lems of p h y s i c a l  i n t e r e s t .  

S .  1 .  HARAHARAN, University o f  Akron 

One r e s e a r c h  p rob lem of i n t e r e s t  i s  t h e  e d d y - c u r r e n t  s i t u a t i o n  t h a t  a r i s e s  
when an e l e c t r o m a g n e t i c  f i e l d  i s  i n c i d e n t  on  a m e t a l l i c  r e g i o n .  C a l c u l a t i o n  o f  
f i e l d s  a round and i n s i d e  t h e  m e t a l l i c  r e g i o n  i s  t h e  goa l  o f  t h e  r e s e a r c h .  For 
t i m e  harmon ic  f i e l d s  w i t h  s i n g l e  a n g u l a r  f r e q u e n c y ,  s u b s t a n t i a l  p r o g r e s s  has 
been made i n  t h e  p a s t  u s i n g  t h e  boundary  i n t e g r a l  e q u a t i o n  (hie) method.  We 
a r e  i n v e s t i g a t i n g  t r a n s i e n t  i n c i d e n t  f i e l d s  where t h e  p rob lem canno t  be s o l v e d  
by  b i e .  The work i s  done j o i n t l y  w i t h  D r .  N .  I d a  ( E l e c t r i c a l  E n g i n e e r i n g  
D e p a r t m e n t l U n i v e r s i t y  o f  Ak ron )  and a g r a d u a t e  s t u d e n t ,  M. E .  Lee.  

T h i s  second r e s e a r c h  p r o b l e m  c o n c e n t r a t e s  o n  two a s p e c t s  o f  t h e  work 
c a r r i e d  o u t  r e c e n t l y  by  D r .  H .  A t a s s i  (Notre Dame) and J .  S c o t t  (NASA LeRC). 
F i r s t ,  t h e  approach h e r e  w i l l  be t o  c o n s i d e r  t h e  p rob lem i n  t h e  t i m e  domain 
r a t h e r  t h a n  i n  t h e  f r e q u e n c y  domain. By t h e  p r i n c i p l e  o f  " l i m i t i n g  a m p l i t u d e "  
i n  t h e  presence o f  a p e r i o d i c  g u s t  t h e  s o l u t i o n  w i l l  become t i m e  p e r i o d i c  and 
t h e  harmon ic  s t e a d y  s t a t e  w i l l  be reached .  Such a t r e a t m e n t  a l l o w s  c a l c u l a -  
t i o n s  o f  t h e  s o l u t i o n  w i t h  an e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme. U s u a l l y  t h e y  
a r e  i n e x p e n s i v e  o v e r  t h e  i m p l i c i t  methods.  The second a s p e c t  i s  t h a t  once t h e  
e x p l i c i t  method i s  v e r i f i e d ,  t h e  p r o c e d u r e  i s  r e a d i l y  a v a i l a b l e  f o r  a t r a n s i e n t  
g u s t .  T h i s  a s p e c t  o f  t h e  r e s e a r c h  i s  s t i l l  an open a r e a .  The work i s  b e i n g  
done i n  c o n j u n c t i o n  w i t h  J .  Scott and D r .  H .  A t a s s i .  

BO-NAN J IANG,  University of  Texas 

F i n i t e  e lemen t  methods a r e  f l e x i b l e  for h a n d l i n g  c o m p l i c a t e d  f low domains 
by  u s i n g  u n s t r u c t u r e d  g r i d s .  T h i s  means t h a t  a d a p t i v e  mesh r e f i n e m e n t  p roce -  
du res  can be c o n v e n i e n t l y  i n c o r p o r a t e d .  A p p l i c a t i o n  o f  t h e s e  methods t o  s o l v -  
i n g  v a r i o u s  prob lems o f  f l u i d  dynamics has been p roven  s u c c e s s f u l .  R e c e n t l y ,  
much a t t e n t i o n  i s  b e i n g  drawn t o  t h e  deve lopment  o f  f i n i t e  e lemen t  a l g o r i t h m s  
f o r  t h e  a n a l y s i s  o f  h i g h  speed c o m p r e s s i b l e  f lows e s p e c i a l l y  f o r  t r e a t i n g  d i s -  
c o n t i n u i t i e s .  A l t h o u g h  s i g n i f i c a n t  p r o g r e s s  has been ach ieved  b y  u s i n g  methods 
such as t h e  T a y l o r - G a l e r k i n ,  P e t r o v - G a l e r k i n  and l e a s t  squares  methods,  much 
more development  i s  needed t o  make t h e s e  methods e f f i c i e n t  and a c c u r a t e  f o r  
s o l v i n g  e n g i n e e r i n g  p rob lems .  

A t  t h i s  moment, t h e  T a y l o r - G a l e r k i n  method i s  t h e  most p o p u l a r  because o f  
i t s  g e n e r a l i t y .  However, t h e  T a y l o r - G a l e r k i n  method has some weakness: ( 1 )  
t h e  e x p l i c i t  T a y l o r - G a l e r k i n  schemes s u f f e r  from severe  s t a b i l i t y  l i m i t a t i o n s  
(Couran t  number 2 1 / J 3 , > ;  ( 2 )  an i m p l i c i t  T a y l e r - G a l e r k i n  scheme can be con- 
s t r u c t e d ,  b u t  l e a d s  t o  i n v e r s i o n  o f  a l a r g e  nonsymmet r ic  m a t r i x ;  
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( 3 )  t h e  T a y l o r - G a l e r k i n  method i s  e s s e n t i a l l y  a h i g h - o r d e r  scheme, wh ich  p r o -  
duces o s c i l l a t i o n s .  So f a r ,  t h e  T a y l o r - G a l e r k i n  method must  r e l y  o n  t h e  use of  
a r t i f i c i a l  d i f f u s i o n  t o  remove t h e  o s c i l l a t i o n s .  However, t h e  form o f  t h i s  
added t e r m  i s  n o t  u n i q u e  and t h e  a s s o c i a t e d  pa ramete rs  must  be c o n t r o l l e d .  The 
P e t r o v - G a l e r k i n  method seems more p r o m i s i n g ,  b u t  i t  may have t h e  same prob lems 
[ ( 1 >  and ( 2 > 1  as t h e  T a y l o r - G a l e r k i n  method.  

For t h e  n u m e r i c a l  s o l u t i o n  o f  two-d imens iona l  c o m p r e s s i b l e  E u l e r  equa- 
t i o n s ,  we proposed a c l a s s  o f  l e a s t - s q u a r e s  methods.  We b e g i n  b y  c o n s i d e r i n g  
t h e  f i r s t - o r d e r  i m p l i c i t  t i m e - d i f f e r e n c e d  n o n - c o n s e r v a t i v e  f o r m u l a t i o n .  The 
l e a s t - s q u a r e s  method i s  employed t o  m i n i m i z e  t h e  r e s i d u a l  i n  t h e  L2 norm. I t  
was demons t ra ted  t h a t  fo r  f i r s t - o r d e r  h y p e r b o l i c  e q u a t i o n s  t h i s  approach y i e l d s  
a weak s t a t e m e n t  s i m i l a r  t o  s t r e a m l i n e  u p w i n d i n g ,  b u t  t h e  m a t r i x  i s  symmet r i c .  
The a s s o c i a t e d  a r t i f i c i a l  v i s c o s i t y  appears  n a t u r a l l y  and i s  dependent  on  t i m e  
s t e p  A t ,  b u t  w i t h  no  f r e e  pa ramete rs .  For a l i n e a r  p rob lem,  t h e  i m p l i c i t  
scheme i s  u n c o n d i t i o n a l l y  s t a b l e  for a l l  Couran t  numbers. 

E u l e r  e q u a t i o n  produces  n o n - o s c i l l a t o r y  shock p r o f i l e s .  Wh i le  a l m o s t  a l l  
workers  i n  f i n i t e  e lemen t  a r e a  use o n l y  l i n e a r  e lemen ts ,  we a l s o  i n v e s t i g a t e d  
t h e  p o s s i b i l i t y  o f  u t i l i z i n g  a n o t h e r  g r e a t  i n h e r e n t  s t r e n g t h  o f  f i n i t e  e l e -  
ments,  i . e .  t h e  s y s t e m a t i c  use o f  h i g h - o r d e r  a p p r o x i m a t i o n .  For h i g h - o r d e r  
e lemen ts ,  i n  some cases t h e  L2 method produces  n o n - p h y s i c a l  o s c i l l a t i o n s .  I n  
o r d e r  t o  overcome t h i s  d i f f i c u l t y ,  we proposed a new l e a s t - s q u a r e s  v a r i a t i o n a l  
method based on  m i n i m i z i n g  t h e  r e s i d u a l  i n  an approx ima te  H 1  norm. 
egy can be i n t e r p r e t e d  as a m u l t i - o b j e c t i v e  programming t e c h n i q u e  wh ich  m i n i -  
m izes  t h e  r e s i d u a l s  as w e l l  as t h e  d e r i v a t i v e s  o f  t h e  r e s i d u a l .  

The a p p l i c a t i o n  o f  t h i s  L2 method w i t h  l i n e a r  e lements  t o  t h e  c o m p r e s s i b l e  

T h i s  s t r a t -  

The d i s t i n g u i s h i n g  f e a t u r e s  of o u r  method a r e :  ( a )  u n c o n d i t i o n a l  s t a b i l -  
i t y ;  ( 2 )  symmet r ic  m a t r i x ;  ( 3 )  f a s t  convergence t o  t h e  s t e a d y  s t a t e ;  ( 4 )  non- 
o s c i l l a t o r y  shock p r o f i l e s  w i t h o u t  any added d i s s i p a t i o n  f o r  l i n e a r  e lemen ts .  

A s t u d y  on  c o n v e r t i n g  t h e  o r i g i n a l  n o n c o n s e r v a t i v e  f o r m u l a t i o n  i n t o  t h e  
c o n s e r v a t i v e  form i s  b e i n g  made i n  c o o p e r a t i o n  w i t h  D r .  M.-S. L i o u  o f  t h e  NASA 
Lewis  Computa t i ona l  F l u i d  Dynamics B ranch .  The p r e l i m i n a r y  r e s u l t s  on  t h e  
shock r e f l e c t i o n  p r o b l e m  show t h a t  t h e r e  i s  no  s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  c o n s e r v a t i v e  and t h e  n o n c o n s e r v a t i v e  r e s u l t s  f o r  s t e a d y  s t a t e  s o l u t i o n s .  
F u r t h e r  compar isons  a r e  b e i n g  made. 

KAROL Z .  KORCZAK, Case Western Reserve Universi ty 

The i s o p a r a m e t r i c  s p e c t r a l  e lemen t  method [11 i s  a b l e n d  of f i n i t e  e lemen t  
p h i l o s o p h y  and s p e c t r a l  methodo logy .  The i d e a  o f  comb in ing  t h e  g e o m e t r i c a l  
f l e x i b i l i t y  o f  f i n i t e  e lements  and t h e  h i g h  a c c u r a c y  w i t h  n e g l i g i b l e  d i f f u s i o n  
and d i s p e r s i o n  e r r o r s  o f  s p e c t r a l  t e c h n i q u e s  has been i n  t h e  f o r e f r o n t  o f  
r e s e a r c h  t h a t  was sp rung  b y  t h e  advances i n  computer  t e c h n o l o g y ,  p a r t i c u l a r l y  
v e c t o r  a r c h i t e c t u r e  and p a r a l l e l  p r o c e s s i n g .  

I n  t h e  t r a d i t i o n a l  f i n i t e  e lemen t  approach [ 2 1  t h e  geomet ry  i s  d i v i d e d  
i n t o  l a r g e  number o f  sma l l  subdomains ( e l e m e n t s )  and a l l  f u n c t i o n s  a r e  
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r e p r e s e n t e d  b y  low o r d e r  ( t y p i c a l l y  l i n e a r )  p o l y n o m i a l  expans ions .  An i n c r e a s e  
i n  accu racy  i s  o b t a i n e d  b y  i n c r e a s i n g  t h e  number of e lemen ts .  T h i s  methodo logy  
r e s u l t s  i n  a l g e b r a i c  convergence and s u b s t a n t i a l  e r r o r s  of d i f f u s i v e  and d i s -  
p e r s i v e  c h a r a c t e r .  These prob lems have been r e c o g n i z e d  and gave r i s e  t o  t h e  
p - t ype  f i n i t e  e lement  methods [ 3 1  i n  wh ich  h i g h e r  o r d e r  expans ions  a r e  used.  

On t h e  o t h e r  hand, t h e  g l o b a l  ( s p e c t r a l )  methods 141 t r e a t  t h e  domain as 

W i t h  a p r o p e r  c h o i c e  o f  f u n c -  
a whole i n c o r p o r a t i n g  h i g h  o r d e r  expans ions .  An i n c r e a s e  i n  a c c u r a c y  i s  
o b t a i n e d  by  i n c r e a s i n g  t h e  o r d e r  o f  expans ion .  
t i o n s ,  a r a p i d  ( e x p o n e n t i a l )  convergence i s  a c h i e v e d  w i t h  n e g l i g i b l e  d i f f u s i o n  
and d i s p e r s i o n  e r r o r s .  These p r o p e r t i e s  a r e  e x t r e m e l y  i m p o r t a n t ,  p a r t i c u l a r l y  
i n  uns teady  complex flows. The main drawback a s s o c i a t e d  w i t h  t h e s e  t e c h n i q u e s  
i s  t h e  c l o s e  dependence of t h e  convergence r a t e  on  t h e  smoothness o f  a l l  f u n c -  
t i o n s  i n v o l v e d .  I n  case of complex g e o m e t r i e s ,  g e o m e t r i c a l  s i n g u l a r i t i e s ,  
d i s c o n t i n u o u s  boundary  c o n d i t i o n s  and some o t h e r  s i t u a t i o n s ,  a g l o b a l  expan- 
s i o n  i s  i n a p p r o p r i a t e  and l e a d s  t o  u n a c c e p t a b l e  r e s u l t s .  

A p o s s i b l e  remedy i n  t h e  above cases c o u l d  be a s p e c t r a l  m u l t i d o m a i n  (sub-  
domain) approach i n  wh ich  t h e  domain i s  d i v i d e d  i n t o  r e l a t i v e l y  f e w  subdomains 
t r e a t e d  as s e p a r a t e  s p e c t r a l  domains w i t h  a p p r o p r i a t e  m a t c h i n g  or p a t c h i n g  
a l o n g  common b o u n d a r i e s .  One of those ,  t h e  g l o b a l  e lemen t  method C51, a l l o w e d  
d i f f e r e n t  o r d e r  o f  expans ions  i n  e lemen ts ,  however ,  i t  r e s u l t e d  i n  v e r y  com- 
p l e x  ma themat i ca l  d e s c r i p t i o n .  Among a l l  t h o s e  methods up t o  d a t e ,  t h e  most 
s u c c e s s f u l  approach i s  t h e  i s o p a r a m e t r i c  s p e c t r a l  e lemen t  approach C11 t h a t  
p r o v e d  t o  p e r f o r m  w e l l  i n  s o l u t i o n s  t o  complex prob lems i n  f l u i d  mechanics,  
h e a t  t r a n s f e r  and o t h e r  s i m i l a r  a p p l i c a t i o n s .  

The i s o p a r a m e t r i c  s p e c t r a l  e lement  method uses f i n i t e  e lemen t  methodo logy  
o n  t h e  g l o b a l  l e v e l  ( i n t e r a c t i o n s  between e lemen ts )  and a s p e c t r a l  approach on  
t h e  l o c a l  l e v e l  ( i n t e r a c t i o n s  w i t h i n  each e l e m e n t ) .  T h i s  a r rangement  a l l o w s  
e f f i c i e n t  use of b e n e f i t s  a s s o c i a t e d  w i t h  s p e c t r a l  methods b y  c h o o s i n g  t h e  
e lements  such t h a t  a l l  p o s s i b l e  d i s c o n t i n u i t i e s  a r e  l o c a t e d  on  e l e m e n t s '  bound- 
a r i e s .  For p r a c t i c a l  pu rposes ,  Lag rang ian  i n t e r p o l a n t s  a r e  i n c o r p o r a t e d  
p e r m i t t i n g  s t r a i g h t f o r w a r d  t r e a t m e n t  o f  v a r i o u s  boundary  c o n d i t i o n s  and a l l o w -  
i n g  a l l  f u n c t i o n s  t o  be i n  r e a l  space. The f u n c t i o n s  expans ions  a r e ,  acco rd -  
i n g  t o  t h e  i s o p a r a m e t r i c  r e c i p e ,  a l l  o f  t h e  same o r d e r  and a r e  based on  
Chebyshev or Legendre p o l y n o m i a l s  t h r o u g h  Gauss-Lobat to  Chebyshev or Legendre 
c o l l o c a t i o n  p o i n t s .  The c h o i c e  o f  expans ions  depends o n  a p a r t i c u l a r  a p p l i c a -  
t i o n  w i t h  a s l i g h t  p r e f e r e n c e  f o r  Legendre p o l y n o m i a l s .  

The concep t  o f  i m p l e m e n t i n g  t h e  s p e c t r a l  e lemen t  f o r m u l a t i o n  t o  s o l v e r s  
f o r  t h e  c o m p r e s s i b l e  g e n e r a l  Nav ie r -S tokes  e q u a t i o n s  was deve loped  many months 
ago.  The programming and t e s t i n g  have s t a r t e d  d u r i n g  t e n u r e  a t  ICOMP and w i l l  
c o n t i n u e  w i t h  numerous t e s t s ,  m o d i f i c a t i o n s  and expans ions  i n  t h e  y e a r s  to 
come. 

The deve loped a l g o r i t h m  t r e a t s  t h e  g e n e r a l ,  c o m p r e s s i b l e ,  t ime-dependent  
Nav ie r -S tokes  Equa t ions  161 u s i n g  t h e  s p e c t r a l  e lement  f o r m u l a t i o n  i n  space and 
h i g h - o r d e r  e x p l i c i t  schemes i n  t i m e .  Severa l  a l g o r i t h m s  fo r  t i m e  i n t e g r a t i o n  
[ 7 1  have been implemented and i n i t i a l  t e s t s  have been pe r fo rmed .  

A s i g n i f i c a n t  p a r t  o f  t h e  r e s e a r c h  e f f o r t  has been devo ted  t o  deve lop-  
ments o f  a l g o r i t h m s  fo r  mesh g e n e r a t i o n ,  f o r m a t i o n  o f  supp lemen ta ry  and c o n t r o l  
a r r a y s  and o t h e r  e s s e n t i a l  d e t a i l s  f o r  p r o p e r  i n c o r p o r a t i o n  of a l l  components 
o f  t h e  program. Severa l  r o u t i n e s  have been d i r e c t l y  t r a n s p l a n t e d  from t h e  
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e x i s t i n g  i n c o m p r e s s i b l e  v e r s i o n  o f  t h e  program w i t h  a p p r o p r i a t e  m o d i f i c a t i o n s .  
The main  a r t  o f  t h e  new program c o n s i s t s  o f  two s o l v e r s :  one based on  a 
p r e d i c t o r - c o r r e c t o r  scheme and t h e  o t h e r  on a c o m b i n a t i o n  o f  Runge-Kut ta  
( f o u r t h  o r d e r )  and p r e d i c t o r - c o r r e c t o r  (Hamming) schemes. 

The new a l g o r i t h m  has been a p p l i e d  t o  flows i n  s i m p l e  g e o m e t r i e s  and 
t e s t e d  e x t e n s i v e l y .  The t e s t s  i n d i c a t e  a s i g n i f i c a n t  i m p o r t a n c e  o f  t h e  p roce -  
du re  i n  impos ing  boundary  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  t i m e  i n t e g r a t i o n  
r e q u i r e s  a scheme w i t h  c o r r e c t i o n  ( i t e r a t i v e  c o r r e l . )  o f  t h e  f u n c t i o n  v a l u e s  
a t  e v e r y  s t e p .  V a r i o u s  c a n d i d a t e s  a r e  c u r r e n t l y  t e s t e d  and w i l l  be imp le -  
mented i n  t h e  f u t u r e .  

The r e s e a r c h  conducted  a t  ICOMP l a i d  f o u n d a t i o n s  f o r  t h e  new method. I n  
t h e  months t o  come t h e  f i n a l  a l g o r i t h m  w i l l  be assembled and t e s t e d  on  f low i n  
a r e a l  d e v i c e  w i t h  e x p e r i m e n t a l  d a t a  a v a i l a b l e  t o  compare t h e  a c c u r a c y  and 
f l e x i b i l i t y .  The r e s u l t s  up t o  d a t e  i n d i c a t e  t h a t  t h e  f o r m u l a t i o n  has a po ten -  
t i a l  t o  become as power fu l  i n  c o m p r e s s i b l e  flows as i t s  p redecesso r  i n  incom- 
p r e s s i b l e  f lows, t h e  i s o p a r a m e t r i c  s p e c t r a l  e lemen t  method.  
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SHIH-TUEN LEE, National Taiwan University 

A model f o r  a t u r b u l e n t  d i f f u s i o n  f l a m e  a d j a c e n t  t o  a s o l i d  f u e l  has been 
f o r m u l a t e d .  T h i s  model i n c l u d e s :  ( 1 )  a low R e y n o l d ' s  number k-E model,  ( 2 )  
an e d d y - d i s s i p a t i o n  combust ion  model,  (3) a soot f o r m a t i o n  and o x i d a t i o n  model 
and ( 4 )  a two f l u x  r a d i a t i o n  h e a t  t r a n s f e r  model.  F a s t  c h e m i s t r y  i s  assumed 
i n  t h e  combus t ion  model and i n  t h e  soot o x i d a t i o n  model,  b u t  t h e  soot forma- 
t i o n  model i s  based on  f i n i t e - r a t e  c h e m i s t r y .  

The r e s u l t i n g  boundary  l a y e r  e q u a t i o n s  have been s o l v e d  n u m e r i c a l l y  b y  a 
The r e s u l t s  n o n - i t e r a t i v e  march ing  scheme proposed b y  Pa tanka r  and S p a l d i n g .  

from t h e  l i m i t e d  cases s t u d i e d  so f a r  show t h a t  t h e  r a d i a t i o n  h e a t  f l u x  i s  
q u i t e  i m p o r t a n t  i n  a s o o t i n g  f l a m e .  
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I n  t h e  f u t u r e ,  t h e  model w i l l  be improved by  i n c o r p o r a t i n g  a f i n i t e - r a t e  
combust ion  model i n  o r d e r  t h a t  t h e  model can p r e d i c t  f lame e x t i n c t i o n  p r o p e r l y .  

B .  P .  LEONARD, Univers i ty  o f  Akron 

The i n i t i a l  deve lopment  s tage  o f  SHARP (S imp le  H igh  Accu racy  R e s o l u t i o n  
Program) was comp le ted .  T h i s  i s  an i m p o r t a n t  enhancement o f  t h e  w i d e l y  used 
QUICK scheme, t o t a l l y  e l i m i n a t i n g  t h e  u n p h y s i c a l  o v e r s h o o t s  to  wh ich  QUICK 
i s  s u s c e p t i b l e  i n  m o d e l l i n g  n e a r - d i s c o n t i n u i t i e s ,  b u t  w i t h o u t  c o r r u p t i n g  t h e  
g l o b a l  t h i r d - o r d e r  a c c u r a c y .  R e s u l t s  o f  t h i s  work were r e p o r t e d  i n  t h e  paper  
" L o c a l l y  M o d i f i e d  QUICK Scheme for H i g h l y  C o n v e c t i v e  two- and t h r e e - d i m e n s i o n a l  
F l o w s , "  p r e s e n t e d  a t  t h e  F i f t h  I n t e r n a t i o n a l  Conference on Numer i ca l  Methods i n  
Laminar  and T u r b u l e n t  Flow, h e l d  a t  M o n t r e a l ,  Canada, J u l y  6-10, 1987. SHARP 
uses t h e  s t a n d a r d  t h i r d - o r d e r  a c c u r a t e  QUICK scheme i n  smooth r e g i o n s ,  au tomat -  
i c a l l y  s w i t c h i n g  t o  a more s o p h i s t i c a t e d  form of f l u x  m o d e l l i n g  based on  an 
E x p o n e n t i a l  Upw ind ing  or L i n e a r  E x t r a p o l a t i o n  Re f inemen t  (EULER) i n  r e g i o n s  of 
r a p i d  g r a d i e n t  v a r i a t i o n  ( h i g h  l o c a l  c u r v a t u r e ) .  I n  p r i n c i p l e ,  t h i s  i s  a c o s t -  
e f f e c t i v e  s t r a t e g y ;  however ,  t h e  c u r r e n t  code used an e x p l i c i t  t ime-march ing  
p rocedure  t o  r e a c h  t h e  s t e a d y - s t a t e  s o l u t i o n ,  and t h e  r e q u i r e d  s m a l l  t i m e  s t e p  
makes t h i s  an i n e f f i c i e n t  method f o r  p r a c t i c a l  s o l u t i o n s .  I t  i s  a s t r a i g h t -  
f o r w a r d  m a t t e r  t o  d e v e l o p  an i m p l i c i t  ( A D I )  s o l v e r  based on  t h e  h i g h l y  e f f i -  
c i e n t  p e n t a d i a g o n a l  m a t r i x  a l g o r i t h m  (PDMA) t h u s  p r o d u c i n g ,  f o r  t h e  f i r s t  t i m e ,  
an i n h e r e n t l y  m u l t i d i m e n s i o n a l  and n o n - o s c i l l a t o r y  c o n v e c t i o n  scheme f o r  
p r a c t i c a l  s i m u l a t i o n  o f  s t e a d y  h igh-Reynolds-number flows c o n t a i n i n g  near -  
d i s c o n t i n u i t i e s ,  such as t h i n  boundary - laye rs ,  f r e e  s h e a r - l a y e r s ,  shock waves, 
and v a r i o u s  i n t e r a c t i o n s ,  w i t h o u t  t h e  need for  cos t ly  a d a p t i v e  g r i d  r e f i n e m e n t .  
T h i s  forms t h e  n e x t  l o g i c a l  s t e p  i n  t h e  SHARP r e s e a r c h  p r o j e c t .  

UTOPIA i s  a U n i f o r m l y  T h i r d  Order  P o l y n o m i a l  I n t e r p o l a t i o n  A l g o r i t h m  
r e p r e s e n t i n g  a two-d imens iona l  (and t h r e e  d i m e n s i o n a l )  e x t e n s i o n  o f  QUICKEST. 
Under pu re  c o n s t a n t -  v e l o c i t y  c o n v e c t i o n  c o n d i t i o n s ,  a convec ted  v a r i a b l e  a t  
t i m e - l e v e l  n + l  i s  equa l  t o  t h e  v a l u e  o f  t h a t  v a r i a b l e  a t  t i m e - l e v e l  n a t  a 
d i s t a n c e  I v l A t  ups t ream.  QUICKEST was deve loped  from t h i s  i d e a  i n  one dimen- 
s i o n .  UTOPIA i s  t h e  two-d imens iona l  or  3-0 v e c t o r  v e r s i o n .  The r e s u l t i n g  a l g o -  
r i t h m  can a lways  be w r i t t e n  i n  a s t r i c t l y  c o n s e r v a t i v e  c o n t r o l - v o l u m e  (CV) 
form; and i t  i s  a r e l a t i v e l y  s t r a i g h t - f o r w a r d  p r o c e d u r e  t o  i n c l u d e  p h y s i c a l  
d i f f u s i o n  te rms i n  a c o n s i s t e n t  manner. Once t h e  CV form has been deve loped,  
i t  i s  assumed t h a t  t h i s  i s  v a l i d  i n  t h e  case of v a r i a b l e  c o n v e c t i n g  v e l o c i t i e s  
and d i f f u s i o n  c o e f f i c i e n t s .  The r e s u l t i n g  f o r m u l a s  f o r  CV f a c e  c o n v e c t i v e  
f l u x e s  i n v o l v e  t h e  one-d imens iona l  QUICKEST te rms ( i n c l u d i n g  t h e  i m p o r t a n t  s t a -  
b i l i z i n g  normal  g r a d i e n t  and normal  c u r v a t u r e  t e r m s ) ,  a t r a n s v e r s e  g r a d i e n t ,  a 
t r a n s v e r s e  c u r v a t u r e ,  and a t w i s t  t e rm.  The e x p l i c i t  upda te  scheme i s  s t a b l e  
f o r  Couran t  numbers o f  o r d e r  u n i t y ,  wh ich  i s  a l s o  a p p r o p r i a t e  f o r  good t ime-  
r e s o l u t i o n .  A F o u r i e r  von Neumann a n a l y s i s  shows t h a t  t h e  complex a m p l i t u d e  
r a t i o  matches t h a t  of t h e  e x a c t  ( c o n v e c t i o n - d i f f u s i o n )  e q u a t i o n  t h r o u g h  t h i r d -  
o r d e r  terms i n  t h e  d i m e n s i o n l e s s  wave-number. I n  p a r t i c u l a r ,  l e a d i n g  o r d e r  
phase e r r o r  i s  a v e r y  sma l l  f i f t h - o r d e r  te rm;  n u m e r i c a l  d i s s i p a t i o n  i s  a sma l l  
s p a t i a l  f o u r t h  d e r i v a t i v e ;  t h e r e  i s  a b s o l u t e l y  no  " a r t i f i c i a l  n u m e r i c a l  v i s c o s -  
i t y "  ( s p a t i a l  second d e r i v a t i v e ) .  UTOPIA w i l l  t h u s  p r o v i d e  a h i g h l y  a c c u r a t e  
and phase-s tab le  uns teady  code f o r  m u l t i d i m e n s i o n a l  c o m p u t a t i o n  o f  ve ry -h igh -  
Reynolds-number f lows,  such as l a rge -eddy  or f u l l  Nav ie r -S tokes  s i m u l a t i o n s .  
Be ing  e x p l i c i t ,  t h e  code i s  e a s i l y  v e c t o r i z e d  t o  make use o f  c u r r e n t  deve lop-  
ments i n  p a r a l l e l  p r o c e s s i n g .  
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I n  a d d i t i o n  t o  t h e  " L o c a l l y  M o d i f i e d  QUICK Scheme . . .'I, a r e f e r e e d  paper  
a p p e a r i n g  i n  t h e  P roceed ings  o f  t h e  Mon t rea l  c o n f e r e n c e ,  t h e  e d i t o r s  o f  t h e  
I n t e r n a t i o n a l  J o u r n a l  f o r  Numer i ca l  Methods i n  F l u i d s  have s o l i c i t e d  an 
expanded v e r s i o n  of t h i s  paper  for a s p e c i a l  i s s u e  of t h e  j o u r n a l  d e v o t e d  t o  
abou t  f i f t e e n  papers  r e p r e s e n t i n g  s i g n i f i c a n t  c o n t r i b u t i o n s  from t h e  M o n t r e a l  
mee t ing .  T h i s  w i l l  a l s o  form t h e  b a s i s  o f  an ICOMP NASA-TM. The main  f e a t u r e s  
o f  SHARP and UTOPIA were p r e s e n t e d  a t  an ICOMP Seminar a t  LeRC o n  J u l y  1 .  
Three a d d i t i o n a l  p a p e r s :  ( 1 )  "S imp le  H igh  Accu racy  R e s o l u t i o n  Program,"  
( 2 )  U n i f o r m l y  T h i r d  Orde r  P o l y n o m i a l  I n t e r p o l a t i o n  A l g o r i t h m , "  ( 3 )  " A  F resh 
Approach t o  C o n v e c t i v e  F l u x  L i m i t e r s , "  w i l l  be p r e s e n t e d  a t  t h e  4 0 t h  Annual 
M e e t i n g  o f  t h e  Amer ican P h y s i c a l  S o c i e t y ' s  D i v i s i o n  o f  F l u i d  Dynamics i n  
Eugene, Oregon t h i s  November. Expanded v e r s i o n s  of 2 and 3 w i l l  a l s o  be 
d r a f t e d  as ICOMP NASA T M ' s .  

CHIN-SHUN LIN, Iowa State Universi ty 

Numer i ca l  c a l c u l a t i o n s  for c o n f i n e d ,  a x i s y m m e t r i c a l ,  t u r b u l e n t  r e a c t i n g  
flows were s t u d i e d .  The k - E  t u r b u l e n c e  model ,  t h e  two-s tep  k i n e t i c  r e a c t i o n  
mechanism, and t h e  A r r h e n i u s  t ype leddy -b reakup  r e a c t i o n  r a t e  were employed.  
A t t e n t i o n  was p a i d  t o  t h e  l o c a l  mean gas p r o p e r t i e s .  The work has been p r e -  
sen ted  i n  NASA TM 89842 (ICOMP-87-2). 

S i m i l a r  s o l u t i o n s  f o r  v i s c o u s  h y p e r s o n i c  f low o v e r  a 3/4-power body of 
r e v o l u t i o n  were a l s o  s t u d i e d .  The r e s u l t s  have been s u b m i t t e d  for  a NASA TM 
r e p o r t .  I n  t h i s  s t u d y ,  t h e  e f f e c t s  o f  w a l l  t e m p e r a t u r e ,  mass b l e e d i n g  and 
body t r a n s v e r s e  c u r v a t u r e  were i n v e s t i g a t e d .  The induced  p r e s s u r e ,  d i s p l a c e -  
ment t h i c k n e s s ,  s k i n  f r i c t i o n  and h e a t  t r a n s f e r  i n  t h e  s t r o n g  i n t e r a c t i o n  
r e g i o n  were ana lyzed .  

Numer ica l  c a l c u l a t i o n s  for a h y p e r s o n i c  i n l e t  flow i n c l u d i n g  r e a l  gas 
e f f e c t s  a r e  b e i n g  s t u d i e d .  
l i b r i u m  a i r  i s  o b t a i n e d  from approx ima te  c u r v e  f i t s .  
i s  a l s o  c o n t a i n e d  i n  t h e  PNS computer  code. The r e s u l t s  w i l l  be compared w i t h  
t h e  measurements conduc ted  a t  NASA Lewis  Research Cen te r  for a Mach 7 .4  hyper -  
s o n i c  i n l e t .  

The thermodynamic and t r a n s p o r t  p r o p e r t i e s  o f  e q u i -  
A l g e b r a i c  g r i d  g e n e r a t i o n  

JONG-SHANG LIU, Case Western Reserve Universi ty 

The o b j e c t i v e  o f  t h e  s t u d y  i s  t o  deve lop  an a c c u r a t e ,  e f f i c i e n t  n u m e r i c a l  
a n a l y s i s  of t h e  uns teady  f low i n  a cascade s u b j e c t  t o  ups t ream and downstream 
d i s t u r b a n c e s .  Three a s p e c t s  o f  t h e  p rob lem a r e  under  i n v e s t i g a t i o n :  boundary  
c o n d i t i o n s ,  g r i d  systems,  and n u m e r i c a l  t e c h n i q u e s .  

An e x i s t i n g  two-d imens iona l ,  e x p l i c i t ,  Runge-Kut ta ,  t ime-march ing  code i s  
used t o  a n a l y z e  t h e  uns teady  flow t h r o u g h  one ro to r  passage.  The ups t ream and 
downstream boundary  c o n d i t i o n s  a r e  b e i n g  m o d i f i e d  t o  p e r m i t  uns teady  d i s t o r -  
t i o n s  because of a d j a c e n t  b l a d e  rows. The p r o f i l e s  of t h e  i n c o m i n g  wakes from 
t h e  ups t ream s t a t o r  row a r e  s p e c i f i e d  a t  t h e  ups t ream boundary .  The use o f  
uns teady  c h a r a c t e r i s t i c  e q u a t i o n s  and a p e r t u r b a t i o n  approach a t  t h e  downstream 
boundary  i s  under  i n v e s t i g a t i o n .  The g r i d  s t u d i e s  a r e  b e i n g  p e r f o r m e d  t o  
d e t e r m i n e  t h e  mesh d e n s i t y  n e c e s s a r y  t o  r e s o l v e  p r o p a g a t i n g  wave s y s t e m s .  B o t h  
t h e  C - g r i d  and H - g r i d  a r e  used for t h e  compu ta t i on .  The H - g r i d  advantage o v e r  
t h e  C - g r i d  i s  t h a t  i t  i s  easy  t o  r e f i n e  t h e  g r i d  s i z e  i n  any p a r t i c u l a r  r e g i o n  
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The second p r o j e c t  I worked on t h i s  y e a r  i n v o l v e d  a compos i te  b l a d e  ana- 
l y z e r  deve loped  a t  Lewis  Research C e n t e r  c a l l e d  COBSTRAN. I t  was necessa ry  t o  
m o d i f y  t h e  memory a l l o c a t i o n  scheme i n  a more e f f i c i e n t  manner. P r e v i o u s l y ,  
d a t a  was s t o r e d  i n  numerous a r r a y s  w i t h  f i x e d  d imens ions ,  and t h e  code was mod- 
i f i e d  so t h a t  a l l  d a t a  r e q u i r e d  i s  s t o r e d  i n  a mas te r  a r r a y  w i t h  p o i n t e r s  t o  
i d e n t i f y  t h e  l o c a t i o n  o f  t h e  v a r i o u s  d a t a .  These m o d i f i c a t i o n s  l e d  t o  more 
e f f i c i e n t  use  o f  memory and a l l o w  t h e  u s e r  t o  a n a l y z e  l a r g e r  p rob lems s i m p l y  by 
i n c r e a s i n g  t h e  d imens ion  of t h e  mas te r  a r r a y .  

and c a p t u r e  t h e  wave p r o p a g a t i o n  on t h e  ups t ream and downstream b o u n d a r i e s ;  
however, t h e  C - g r i d  i s  smoother t h a n  t h e  H - g r i d  nea r  t h e  round  l e a d i n g  and 
t r a i l i n g  edges o f  t h e  b l a d e .  I m p l i c i t  m o d i f i c a t i o n s  t o  t h e  e x i s t i n g  
e x p l i c i t  t e c h n i q u e  w i l l  be examined as a means o f  i m p r o v i n g  t h e  c o m p u t a t i o n a l  
e f f i c i e n c y  o f  t h e  code.  

A paper  e n t i t l e d  "Nav ie r -S tokes  Cascade A n a l y s i s  W i t h  a S t i f f  k - E  Turbu-  
l e n c e  S o l v e r "  (NASA TM 100218, ICOMP 87-6, A I A A  paper  88-0594) s u b m i t t e d  t o  
t h e  1988 A I A A  Aerospace Sc iences  M e e t i n g  has been accep ted  f o r  p r e s e n t a t i o n .  

JEFFREY P. MEISTER, Universi ty o f  Akron 

The m a j o r  f o c u s  o f  my work has been i n  d e v e l o p i n g  and u p g r a d i n g  s t r u c -  
t u r a l  mechanics computer  codes i n  o r d e r  t o  i n c r e a s e  t h e i r  c a p a b i l i t i e s ,  ease i n  
use ,  and t h e  e f f i c i e n c y  o f  t h e i r  s t r u c t u r e  t o  m i n i m i z e  t h e i r  memory r e q u i r e -  
ments and e x e c u t i o n  t i m e .  The m a j o r i t y  o f  t h e  y e a r  was spen t  d e v e l o p i n g  t h e  
Mechanics o f  M a t e r i a l s  Model (MOMMI .  MOMM i s  a 3-D i n e l a s t i c  a n a l y s i s  methods 
program wh ich  c h a r a c t e r i z e s  t h e  b e h a v i o r  o f  e n g i n e  components by a beam ne twork  
f o r  approx ima te  a n a l y s e s  d u r i n g  e a r l y  phases of component d e s i g n .  Upon comple- 
t i o n  o f  t h e  code b y  t h e  o r i g i n a l  c o n t r a c t o r ,  t h e  u s e r  was r e q u i r e d  t o  d e v i s e  a 
s u b s t i t u t e  beam n e t w o r k  t h a t  wou ld  a c c u r a t e l y  r e p r e s e n t  t h e  b e h a v i o r  o f  t h e  
a c t u a l  component. T h i s  was an e x t r e m e l y  i n c o n v e n i e n t  t a s k  wh ich  i n t r o d u c e d  a 
l a r g e  degree o f  a p p r o x i m a t i o n  i n t o  t h e  a n a l y s i s .  I implemented a t e c h n i q u e  t o  
i n t e r n a l l y  g e n e r a t e  an a p p r o p r i a t e  s u b s t i t u t e  beam ne twork ,  t h u s  r e l i e v i n g  t h e  
u s e r  o f  t h i s  d i f f i c u l t  t a s k .  I n  a d d i t i o n  t o  t h i s  advancement, I a l s o  i m p l e -  
mented a n o n l i n e a r  s o l u t i o n  a l g o r i t h m ,  s e v e r a l  n o n l i n e a r  c o n s t i t u t i v e  models ,  
and t r a n s i e n t  a n a l y s i s  c a p a b i l i t i e s .  

R e c e n t l y ,  I began w o r k i n g  w i t h  t h e  Eng ine  S t r u c t u r e s  M o d e l i n g  S o f t w a r e  
System (ESMOSS).  ESMOSS i s  a s o f t w a r e  s y s t e m  for t h e  c o n s t r u c t i o n  o f  g e o m e t r i c  
and d i s c r e t e  models  o f  e n g i n e  components wh ich  can be t r a n s f e r r e d  t o  f i n i t e  
e lement  a n a l y s i s  programs such as NASTRAN. I have i n v e s t i g a t e d  ESMOSS's f e a t -  
u r e s  and am b e g i n n i n g  t o  i n c o r p o r a t e  f e a t u r e s  wh ich  w i l l  a l l o w  t h e  u s e r  g r e a t e r  
f l e x i b i l i t y  i n  m o d e l i n g  eng ine  p a r t s ,  such as a d d i t i o n a l  t ypes  o f  e lemen ts  t h a t  
may be c o n s t r u c t e d  and a t o p o l o g i c a l  zoom f e a t u r e  f o r  mesh r e f i n e m e n t  i n  c r i t i -  
c a l  r e g i o n s .  

CHARLES MERKLE, Pennsylvania State  University 

I was a v i s i t i n g  r e s e a r c h e r  a t  ICOMP for two weeks d u r i n g  J u l y .  D u r i n g  
t h i s  p e r i o d  most o f  my t i m e  was spen t  i n  becoming a c q u a i n t e d  w i t h  t h e  peop le  
and r e s e a r c h  programs a t  LeRC i n  t h e  g e n e r a l  a r e a  o f  CFD. S p e c i f i c  t o p i c a l  
a reas  i n  wh ich  I have had i n t e r a c t i o n s  i n c l u d e  t e c h n i q u e s  f o r  comput ing  s teady  
and uns teady  i n c o m p r e s s i b l e  f low (W-Y Soh, J .  Goodr i ch  and H. T .  Huynh) ;  
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i m p l e m e n t a t i o n  of s t e a d y  and u n s t e a d y  
c o n d i t i o n i n g  t e c h n i q u e s  i n  h y p e r s o n i c  
L i o u ) ;  t w o - p o i n t  c o n t r o l  d i f f e r e n c e  a 

LU s o l v e r s  (S-T  Yu and J .  S .  Shuen); p r e -  
f l ow  and f l u x - v e c t o r  s p l i t t i n g  (M-S 
a o r i t h m s  ( J .  E. L a v e r v ) :  a c c e l e r a t i o n  

p rocedures  f o r  c o m p u t a t i o n a l  a l g o r i t h m s  ( A .  S i d i )  ; u n s t e a d y - f l o w  compu ta t i ons  
( J .  R .  S c o t t ) ;  and m u l t i s t a g e  t u r b o m a c h i n e r y  m o d e l i n g  ( J .  J .  Adamczyk). 
I have a l s o  had t h e  o p p o r t u n i t y  t o  d i s c u s s  t h e  o v e r a l l  CFD p rog ram w i t h  
P.  Sockol and t o  v i s i t  t h e  e x p e r i m e n t a l  f a c i l i t i e s  of J .  E .  O ' B r i e n  and 
D. L .  Bu lzan .  Wh i le  h e r e  I p r e s e n t e d  an ICOMP Seminar e n t i t l e d  "Computa t ion  
o f  Low Mach Number Flows." 

A s  p a r t  o f  my v i s i t  I have exchanged p u b l i c a t i o n s  w i t h  s e v e r a l  LeRC 
r e s e a r c h e r s ,  and have made p l a n s  t o  exchange some s p e c i a l  pu rpose  computer  sub- 
r o u t i n e s .  F i n a l l y ,  we have made t e n t a t i v e  p l a n s  t o  c o n t i n u e  s e v e r a l  o f  t h e s e  
i n t e r a c t i o n s  a f t e r  I r e t u r n  t o  Penn S t a t e ,  and have d i s c u s s e d  t h e  p o s s i b i l i t i e s  
o f  r e t u r n  v i s i t s  a t  a l a t e r  d a t e .  

VALLORIE J.  PERIDIER, Lehigh Universi ty 

I am p r e s e n t l y  i n v e s t i g a t i n g  t h e  uns teady  boundary  l a y e r  due t o  a s e l f -  
convec ted  r e c t i l i n e a r  v o r t e x  above a p l a n e  w a l l ,  w i t h  v i s c o s i t y  " t u r n e d  on"  
a t  t = 0. A d i s t i n g u i s h i n g  f e a t u r e  o f  t h i s  p a r t i c u l a r  a n a l y s i s  i s  t h a t  t h e  
boundary  l a y e r  e q u a t i o n  i s  c a s t  i n  L a g r a n g i a n  dependent  v a r i a b l e s  ( i . e .  f l u i d  
p a r t i c l e  d i s p l a c e m e n t  as f ( t > )  r a t h e r  t h a n  t h e  t r a d i t i o n a l  E u l e r i a n  f o r m u l a -  
t i o n  ( i . e .  l o c a l  f l u i d  v e l o c i t y ) .  The b e n e f i t  o f  u s i n g  a L a g r a n g i a n  f o r m u l a -  
t i o n  i s  t h a t  d i s p l a c e m e n t s  v a r y  more slowly t h a n  v e l o c i t i e s ;  c o n s e q u e n t l y  t h i s  
a n a l y s i s  
has been c a r r i e d  o u t  f u r t h e r  i n  t i m e  t h a n  p r i o r  i n v e s t i g a t i o n s .  

The above a n a l y s i s  demons t ra tes  t h a t  a n a r r o w  s i n g u l a r  r e g i o n  e v o l v e s  i n  
T h i s  summer a t  ICOMP I e x p l o r e d  methods o f  c a p t u r i n g  t h e  t h e  boundary  l a y e r .  

boundary  l a y e r ' s  s i n g u l a r  e v o l u t i o n  u s i n g  an inviscid/viscous-interaction 
a n a l y s i s .  

MAJID RASHIDI ,  Case Western Reserve University 

A c t i v e  V i b r a t i o n  C o n t r o l  has become an a t t r a c t i v e  a l t e r n a t i v e  t o  P a s s i v e  
V i b r a t i o n  C o n t r o l  t o  e l i m i n a t e  t h e  u n d e s i r a b l e  v i b r a t i o n s  o f  a dynamic system. 
I n  most cases ,  t h e  c o n v e n t i o n a l  A c t i v e  V i b r a t i o n  C o n t r o l  o f  dynamic systems 
(such  as h e l i c o p t e r s ,  f l e x i b l e  space t e l e s c o p e s ,  ro tors ,  e t c . )  i s  based upon 
e l a b o r a t e  ma themat i ca l  models  a n d / o r  known modal c h a r a c t e r i s t i c s  o f  such sys- 
tems.  The sho r t comings  o f  t h e  c o n v e n t i o n a l  a c t i v e  c o n t r o l  s t r a t e g i e s  a r e  i n  
two g e n e r a l  a r e a s .  F i r s t ,  t h e  dynamic s y s t e m  i s  modeled w i t h  l i n e a r  mathemat i -  
c a l  e q u a t i o n  ( s ) .  Second, t h e  modal c h a r a c t e r i s t i c s  o f  a p h y s i c a l  sys tem may 
change d u r i n g  i t s  o p e r a t i o n  due t o  changes i n  d imens ion  t o l e r a n c e s ,  c r a c k  i n i -  
t i a t i o n s ,  wears, e t c .  A new a c t i v e  c o n t r o l  s t r a t e g y  has been proposed t o  o v e r -  
come these  d e f i c i e n c i e s .  

I n  t h i s  new approach,  t h e  dynamic sys tem i s  t r e a t e d  as a b lack -box  whose 
modal c h a r a c t e r i s t i c s  a r e  n o t  i n c l u d e d  i n  t h e  a c t i v e  c o n t r o l  p r o c e s s .  I n s t e a d ,  
t h e  FFT a m p l i t u d e s  o f  t h e  v i b r a t i o n  response o f  t h e  s y s t e m  a t  s e v e r a l  l o c a t i o n s  
a r e  u t i l i z e d  t o  a r r a n g e  an o b j e c t i v e  f u n c t i o n  ( w h i c h  c o u l d  behave n o n l i n e a r l y )  
to  be m in im ized .  The d e c i s i o n  v a r i a b l e s  a r e  t h e  magn i tudes  and phase a n g l e s  o f  
a l t e r n a t i v e  f o r c e  components a p p l i e d  t o  s t a t i o n a r y  p o i n t s  o f  t h e  dynamic 
s y s t e m .  



The unba lance response o f  a t y p i c a l  ro tor  system was s i m u l a t e d  o n  t h e  
Cray  Computer S y s t e m  a t  NASA Lewis  Research  C e n t e r .  The maximum a m p l i t u d e  o f  
v i b r a t i o n  a t  t h e  c e n t e r  o f  t h e  ro tor  ( D i s c )  was de te rm ined  t o  be 35 m i l s  
b e f o r e  a t t e m p t i n g  t o  suppress  t h e  v i b r a t i o n  o f  t h e  sys tem v i a  t h e  new S p e c t r a l  
O p t i m i z a t i o n  S t r a t e g y .  A f t e r  e x e c u t i n g  t h e  new approach,  t h e  l e v e l  o f  v i b r a -  
t i o n  was reduced  from 35 m i l s  t o  0 . 5  m i l s .  

The p r e s e n t  r e s u l t s  show t h a t  t h e  l a r g e  a m p l i t u d e s  o f  t h e  unba lance  
response o f  a r o t a t i n g  s h a f t ,  w i t h  t h e  d i s c  a t  i t s  c e n t e r  c a r r y i n g  t h e  unba l -  
ance mass, can be reduced t o  a s a t i s f a c t o r y  l e v e l  ( 3 5  m i l s  t o  0 . 5  m i l s ) .  
However, t h i s  new approach must  be checked f o r  v i b r a t i o n  responses  made up o f  
m u l t i p l e  f r e q u e n c i e s .  I n  such cases t h e  o b j e c t i v e  f u n c t i o n  o f  t h e  S p e c t r a l  
O p t i m i z a t i o n  w i l l  i n c l u d e  s e v e r a l  peaks o f  t h e  FFT o f  t h e  response a t  d i f f e r -  
e n t  f r e q u e n c i e s .  

ASHER A .  RUBINSTEIN, Tulane University 

An i m p o r t a n t  a s p e c t  o f  d e a l i n g  w i t h  modern m a t e r i a l s  i n  t h e  ae rospace  
i n d u s t r y  i s  t o  be a b l e  t o  p r e d i c t  m a t e r i a l  f r a c t u r e  r e s i s t a n c e  o n  t h e  b a s i s  
o f  i t s  m i c r o s t r u c t u r e .  

The a i m  o f  t h i s  p r o j e c t  i s  t o  i d e n t i f y  and e v a l u a t e  t h e  pa ramete rs  con- 
t r o l l i n g  a c r a c k  p a t h  t r a j e c t o r y  deve lopment .  T h i s  a n a l y t i c a l  s t u d y  was 
pe r fo rmed  w i t h  t h e  c o o p e r a t i o n  of an e x p e r i m e n t a l  ef for t  conduc ted  a t  Case 
Western Reserve U n i v e r s i t y  and c o n t i n u i n g  a t  U n i v e r s i t y  o f  I l l i n o i s  a t  Ch icago  
under  s u p e r v i s i o n  o f  P r o f e s s o r  Chudnovsky. The e x p e r i m e n t a l  d a t a  r e p r e s e n t i n g  
c r a c k  p r o p a g a t i o n  a l o n g  a c u r v i l i n e a r  t r a j e c t o r y  was o b t a i n e d  by  p o s i t i o n i n g  a 
h o l e  i n  t h e  v i c i n i t y  o f  t h e  c r a c k  p a t h .  

The c o r r e s p o n d i n g  a n a l y s i s  was deve loped  p a r t i a l l y  under  ICOMP s u p p o r t .  
The a n a l y s i s  i s  based on n u m e r i c a l  s i m u l a t i o n  o f  t h e  c u r v i l i n e a r  c r a c k  p a t h  
c o r r e s p c n d i n g  t o  e x p e r i m e n t a l  geomet ry  and s t r e s s  s t a t e .  A n u m e r i c a l  approach 
f o r  r e p r e s e n t i n g  a c u r v i l i n e a r  c r a c k  i s  based on  t h e  r e p r e s e n t a t i o n  o f  t h e  
c r a c k  b y  an a r r a y  o f  d i s l o c a t i o n s  a l o n g  t h e  c u r v i l i n e a r  p a t h .  T h i s  f o r m u l a t i o n  
l e a d s  t o  a s i n g u l a r  i n t e g r a l  e q u a t i o n  o f  t h e  f i r s t  k i n d  w i t h  a Cauchy t y p e  s i n -  
g u l a r i t y .  The f o r m u l a t i o n  i s  done i n  te rms  o f  complex v a r i a b l e s  and w i t h  an 
unknown complex v a l u e d  d i s l o c a t i o n  d e n s i t y  d i s t r i b u t i o n  f u n c t i o n .  The numer i -  
c a l  scheme i s  based on Gaus-Chebyshev q u a d r a t u r e .  T h i s  c o l l o c a t i o n  scheme 
i n v o l v e s  noda l  d i s t r i b u t i o n  a t  t h e  roots o f  Chebyshev p o l y n o m i a l s  o f  t h e  first 
and second k i n d .  For t h e  case o f  c u r v i l i n e a r  c r a c k  p a t h  l e a d s  i t  becomes 
necessa ry  t o  s o l v e  a n o n l i n e a r  e q u a t i o n  a t  each p o i n t  i n  o r d e r  t o  l o c a t e  t h e  
e x a c t  p o s i t i o n  o f  t h e  nodes.  T h i s  n u m e r i c a l  s o l u t i o n  was c a r r i e d  o u t  o n  t h e  
Cray  X-MP supercomputer  a t  t h e  NASA Lewis  Research C e n t e r .  

E x p e r i m e n t a l l y  o b t a i n e d  c r a c k  t r a j e c t o r i e s  were r e p r e s e n t e d  by  p o l y n o m i a l  
cu rves  u s i n g  a l e a s t  square  a p p r o x i m a t i o n .  Thus u s i n g  n u m e r i c a l  s i m u l a t i o n  o f  
t h e  f r a c t u r e  p rocess ,  one was a b l e  t o  o b s e r v e  v a r i a t i o n  o f  t h e  i m p o r t a n t  f r a c -  
t u r e  parameters  a l o n g  t h e  c r a c k  p a t h  t r a j e c t o r i e s  as t h e  c r a c k  grows and t h e  
v a r i a t i o n s  o f  these  pa ramete rs  i n  t h e  e v e n t  o f  p o s s i b l e  c r a c k  p a t h  d e v i a t i o n s .  
R e s u l t s  demons t ra te  i m p o r t a n t  f e a t u r e s  of t h e  c r a c k  p a t h  f o r m a t i o n .  
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NESRIN SARIGUL, Ohio State  Universi ty 

A f a m i l y  o f  h e r m i t i a n  boundary  t r a c t i o n  e lemen ts  o r i g  
t h e  a u t h o r  were upda ted  t o  u t i l i z e  e x p l i c i t  i n t e q r a t i o n  i n  

n a l l y  deve loped  by  
t h e  s t i f f n e s s  and 

mass m a t r i c e s  compu ta t i ons  i n c l u d i n g  membrane a n i  b e n d i n g  b e h a v i o r .  

I t  i s  w e l l  known t h a t  f i n i t e  e lemen ts  w i t h  reduced  a n d / o r  s e l e c t i v e  i n t e -  
g r a t i o n  a r e  adap ted  i n  v a r i o u s  schemes t o  overcome t h e  o v e r s t i f f  p r e d i c t i o n s  
o f  d i s p l a c e m e n t s  i n  f i n i t e  e lemen t  a n a l y s i s  of s t r u c t u r e s .  Membrane l o c k i n g  
and shear  l o c k i n g  a r e  a l s o  w e l l  d i s c u s s e d  i n  t h i s  c o n t e x t .  I t  i s  a n t i c i p a t e d  
t h a t  t h e  e x a c t  i n t e g r a t i o n  scheme deve loped  by  t h e  a u t h o r  w i l l  a l l e v i a t e  t h e s e  
p rob lems .  

A t  p r e s e n t ,  an e x a c t  i n t e g r a t i o n  scheme i s  i n c o r p o r a t e d  i n  a computer  code 
f o r  b l e n d i n g  f i n i t e  e lemen ts .  These e lements  w i l l  be u t i l i z e d  t o  o b t a i n  t h e  
f r e q u e n c y  response of a t u r b i n e  b l a d e .  I t  i s  a n t i c i p a t e d  t h a t  t h i s  r e s e a r c h  
w i l l  b r i n g  a b o u t  a new t e c h n i q u e  i n  d e a l i n g  w i t h  f i n i t e  e lemen t  f o r m a t i o n s .  

i n  Numer i ca l  Once t h e  r e s e a r c h  i s  comple ted ,  t h e  r e s u l t s  w i l l  be pub1 
Methods r e l a t e d  j o u r n a l s .  

The computer  codes deve loped a r e  i n  F o r t r a n  and ava 
computers .  I t  may be n o t e d  t h a t  t h e  p a r a l l e l  p r o c e s s o r s  
f o r  p r a c t i c a l  a p p l i c a t i o n s  o f  t h i s  deve lopment .  

she 

1 ab 
a r e  

e a t  VAX s e r i e s  
good c a n d i d a t e s  

STEVEN SCHAFFER, New Mexico I n s t i t u t e  o f  Technology 

A computer  code c a l l e d  MGOl was deve loped by  Rod Chima and myse l f  t o  s o l v e  
t h e  s t e a d y  two d i m e n s i o n a l  E u l e r  and Nav ie r -S tokes  e q u a t i o n s  f o r  f low t h r o u g h  
a channe l  w i t h  a c i r c u l a r  bump on  a w a l l .  The a l g o r i t h m  on  wh ich  t h e  code i s  
based uses t h e  f u l l  a p p r o x i m a t i o n  m u l t i g r i d  method w i t h  a s e m i - e x p l i c i t  Runge- 
K u t t a  scheme as a d r i v e r .  I t  was f o u n d  t h a t  t h e  scheme s lowed down c o n s i d e r a -  
b l y  f o r  g r i d s  w i t h  h i g h  a s p e c t  r a t i o s .  I t  was h y p o t h e s i z e d  t h a t  t h e  slow 
convergence r a t e  was due t o  t h e  p o i n t w i s e  n a t u r e  o f  t h e  Runge-Kut ta  scheme. 
A t t e m p t s  were made t o  i n t r o d u c e  a more d i r e c t i o n a l l y  b i a s e d  i m p l i c i t  s t r u c t u r e  
t o  t h e  s e m i - i m p l i c i t  Runge-Kut ta  scheme. I t  was f o u n d  t h a t  t h e  Runge-Kut ta  
scheme was n o t  amenable t o  such i m p l i c i t  t r e a t m e n t  and d i f f i c u l t i e s  i n  t h e  
development  o f  a more r o b u s t  scheme w e r e  f u r t h e r  compounded by  t h e  f a c t  t h a t  
o u r  m u l t i g r i d  Runge-Kut ta  scheme i s  r a t h e r  s e n s i t i v e  to  t h e  c h o i c e  o f  
pa ramete rs .  

I n  l i g h t  o f  t h e s e  sho r t comings ,  i t  was t e m p t i n g  t o  compare t h i s  a l g o r i t h m  
w i t h  a s i m i l a r  m u l t i g r i d  a l g o r i t h m  t h a t  used a more i m p l i c i t  d r i v e r .  To t h i s  
end, an i n c o m p l e t e  LU d e c o m p o s i t i o n  scheme based on  t h e  f l u x  v e c t o r  s p l i t t i n g  
of Jameson and T u r k e l  was added t o  t h e  code. A l i n e  Gauss-Seidel  scheme i s  
a l s o  b e i n g  added t o  t h e  code.  A t  t h i s  p o i n t ,  b o t h  a l g o r i t h m s  a r e  s t i l l  under  
deve lopment .  Compar ison o f  these  t h r e e  a l g o r i t h m s  s h o u l d  enhance u n d e r s t a n d i n g  
of m u l t i g r i d  methods for  mixed e l l i p t i c - h y p e r b o l i c  and h y p e r b o l i c  systems o f  
d i f f e r e n t i a l  e q u a t i o n s  and l e a d  t o  more r o b u s t  and f a s t e r  s t e a d y  s o l v e r s .  

A second r e s e a r c h  p r o j e c t  was proposed i n  wh ich  t h e  s t e a d y  codes c o u l d  be 
used t o  c a l c u l a t e  uns teady  f lows. The b a s i c  i d e a  h e r e  i s  t o  s t a r t  w i t h  an 
i m p l i c i t  scheme f o r  t h e  uns teady  e q u a t i o n s  and use t h e  s t e a d y  s o l v e r  t o  o b t a i n  
an approx ima te  s o l u t i o n  o f  t h e  i m p l i c i t  e q u a t i o n s  a t  each t i m e  s t e p .  T h i s  can 
be accomp l i shed  w i t h  o n l y  s l i g h t  m o d i f i c a t i o n s  t o  t h e  e x i s t i n g  s t e a d y  code. 
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To i l l u s t r a t e ,  c o n s i d e r  t h e  two d i m e n s i o n a l  uns teady  E u l e r  e q u a t i o n s ,  

where 

i s  t h e  v e c t o r  o f  conserved dependent  v a r i a b l e s  and 

E = [pu ,  pu2 + P, puv ,  [ e  + PIUIT 

E = ( p v ,  puv ,  pv2  + P, [e  + PIVIT 

a r e  t h e  f l u x  v e c t o r s  i n  t h e  x and y d i r e c t i o n s ,  r e s p e c t i v e l y .  U s i n g  backward 
E u l e r ,  say,  t o  march i n  t i m e ,  we o b t a i n  a t  each t i m e  s t e p  t h e  e q u a t i o n s  

Qh[t + A t 1  + A t  R h ( Q h [ t  + A t ] )  = Qh[tl ( 2 )  

where Qh[t l  denotes  t h e  d i s c r e t e  a p p r o x i m a t i o n  t o  Q[t l  a t  t i m e  t and Rh 
denotes  t h e  c e n t r a l  d i f f e r e n c e  o p e r a t o r  a p p r o x i m a t i n g  t h e  f l u x  t e r m s  and a r t i -  
f i c i a l  v i s c o s i t y .  L e t  M h [ W h l  = Wh + A t R h [ W h l  and Gh = Qh[t l  
so t h a t  121 can be w r i t t e n  as 

M h [ W h l  + Gh ( 3 )  

where Wh = Qh [ t  + W t l .  
t o  s o l v e  R h h  [Q 1 = 0, can be used t o  s o l v e  [ 3 1 .  
e q u a t i o n s  

W i t h  s l i g h t  m o d i f i c a t i o n ,  t h e  s t e a d y  s o l v e r  des igned  
For i n s t a n c e ,  t h e  pseudo- t ime 

W h t  + MhCWhl = Gh ( 4 )  

WhIT = 0 = QhCtl 

c o u l d  be d r i v e n  t o  s t e a d y  s t a t e  

l i m  Wh[,l = QhCt + A t 1  
T+O 

u s i n g  t h e  Runge-Kut ta  or LU m u l t i g r i d  schemes. 

Advantages o f  t h i s  scheme a r e :  [ l l t h e  s t e a d y  s o l v e r s  e x i s t  and can be 
e a s i l y  m o d i f i e d  t o  s o l v e  ( 4 ) ;  [ 2 1  as t h e  e f f i c i e n c y  o f  t h e  s t e a d y  s o l v e r s  
i s  improved,  so s h o u l d  t h e  c o r r e s p o n d i n g  uns teady  schemes; [ 3 1  t h e  a c c u r a c y  
o f  t h e  t i m e  c a l c u l a t i o n s  can be c o n t r o l l e d  by  t h e  number o f  pseudo- t ime s teps  
t a k e n  a t  each r e a l  t i m e  s t e p  and; [ 4 1  t h e  amount o f  work t o  o b t a i n  a s o l u t i o n  
a t  each t i m e  s t e p  s h o u l d  be comparable t o  t h e  approx ima te  s o l u t i o n  o f  
( 2 )  u s i n g  a s i n g l e  g r i d  method.  

JAMES SCOTT, Universi ty of Dayton 

D u r i n g  my p a r t i c i p a t i o n  i n  ICOMP, I addressed i s s u e s  a s s o c i a t e d  w i t h  t h e  
accu racy  o f  n u m e r i c a l  s o l u t i o n s  o f  t h e  g o v e r n i n g  e q u a t i o n s  o f  f l u i d  dynamics .  
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The p r i m a r y  emphasis of t h i s  e f for t  was d i r e c t e d  toward  a s s e s s i n g  t h e  n a t u r e  of 
t h e  t r u n c a t i o n  e r r o r  o f  v a r i o u s  n u m e r i c a l  schemes. The a c c u r a c y  o f  a n u m e r i c a l  
scheme i s  ana lyzed  b y  examin ing  t h e  l e a d i n g  t e r m  i n  t h e  t r u n c a t i o n  e r r o r  and 
t h e  g a i n  f a c t o r  wh ich  i s  d e t e r m i n e d  from s t a b i l i t y  a n a l y s i s .  I f  t h e  l e a d i n g  
t e r m  i n  t h e  t r u n c a t i o n  e r r o r  c o n t a i n s  an even d e r i v a t i v e ,  t h e  e r r o r  i s  d i s s i p a -  
t i v e  w h i l e  an odd d e r i v a t i v e  i n d i c a t e s  t h a t  t h e  e r r o r  i s  d i s p e r s i v e .  S t a b i l i t y  
a n a l y s i s  y i e l d s  t h e  g a i n  f a c t o r  i n  wh ich  t h e  a m p l i t u d e  g i v e s  t h e  magn i tude o f  
t h e  d i s s i p a t i v e  e r r o r  and t h e  phase g i v e s  t h e  magn i tude o f  t h e  d i s p e r s i v e  
e r r o r .  

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  MacCormack e x p l i c i t  f i n i t e  d i f f e r e n c e  a l g o -  
r i t h m  wh ich  i s  a two-s tep  Lax-Wendro f f  a l g o r i t h m .  When t h i s  a l g o r i t h m  i s  used 
t o  s o l v e  t h e  t ime-dependent  Nav ie r -S tokes  e q u a t i o n s  i t  i s  second o r d e r  a c c u r a t e  
i n  b o t h  t i m e  and space.  T h i s  scheme i s  o f t e n  s a i d  t o  be d i s s i p a t i v e .  How- 
e v e r ,  e x a m i n a t i o n  o f  t h e  t r u n c a t i o n  e r r o r  i n d i c a t e s  t h a t  when t h e  p r e d i c t o r  and 
c o r r e l .  s t e p s  a r e  combined t h e  l e a d i n g  t e r m  i n  t h e  t r u n c a t i o n  e r r o r  c o n t a i n s  a 
t h i r d  d e r i v a t i v e  and hence i s  d i s p e r s i v e  r a t h e r  t h a n  d i s s i p a t i v e .  C a r e f u l  
e x a m i n a t i o n  o f  p r e v i o u s  i n v e s t i g a t i o n s  r e v e a l e d  t h a t  t h e  n u m e r i c a l  d i s s i p a t i o n  
i n t r o d u c e d  i n  MacCormack's scheme (and Lax-Wendrof f  schemes i n  g e n e r a l )  s h o u l d  
be o f  concern  o n l y  i n  r e g i o n s  of h i g h  p r e s s u r e  g r a d i e n t s  such as shocks or 
r a p i d  expans ions .  I n  g e n e r a l ,  t h e  n u m e r i c a l  d i s s i p a t i o n  i s  on  t h e  o r d e r  o f  100 
t o  1000 t i m e s  s m a l l e r  t h a n  t h e  m o l e c u l a r  v i s c o s i t y .  I n  a d d i t i o n ,  a r e c e n t  com- 
p a r i s o n  o f  t h e  d i s s i p a t i v e  p r o p e r t i e s  o f  e i g h t  n u m e r i c a l  a l g o r i t h m s  w i d e l y  used 
f o r  s o l v i n g  t h e  E u l e r  and Nav ie r -S tokes  e q u a t i o n s  i n d i c a t e d  t h a t  MacCormack 
scheme i s  s i g n i f i c a n t l y  b e t t e r  e x c e p t  i n  t h e  v i c i n i t y  o f  shock waves. 

O t h e r  a s p e c t s  of n u m e r i c a l  a c c u r a c y  were a l s o  i n v e s t i g a t e d .  These i n c l u d e d  
t h e  m o d i f i e d  e q u a t i o n  approach,  h i g h e r  o r d e r  schemes and g e o m e t r i c  c o n s e r v a t i o n  
l aw  c o n s i d e r a t i o n s .  Wh i le  p r e l i m i n a r y  ana lyses  i n d i c a t e  t h a t  improved accu racy  
can be a c h i e v e d  w i t h  some of t h e s e  approaches,  a d d i t i o n a l  s t u d y  i s  r e q u i r e d  t o  
d e t e r m i n e  whether  t h e  r e s u l t s  w i l l  be any b e t t e r  t h a n  t h o s e  o b t a i n e d  b y  s i m p l e  
g r i d  r e f i n e m e n t .  

I n  a d d i t i o n  t o  n u m e r i c a l  a c c u r a c y ,  I r e v i e w e d  t h e  use o f  t u r b u l e n c e  models  
i n  uns teady  Nav ie r -S tokes  c o m p u t a t i o n s .  T h i s  i s  i n  k e e p i n g  w i t h  t h e  examina- 
t i o n  o f  t h e  d i s s i p a t i v e  n a t u r e  o f  s p e c i f i c  n u m e r i c a l  schemes s i n c e  t h e  t u r b u -  
l e n c e  model i t s e l f  i s  an a d d i t i o n a l  d i s s i p a t i v e  mechanism wh ich  i s  i n t r o d u c e d  
i n t o  t h e  computat ion.  I n  f a c t  t u r b u l e n c e  models  will c o m p l e t e l y  damp unsteady 
f e a t u r e s  o f  a f low. Hence, t e c h n i q u e s  o t h e r  t h a n  t h e  c l a s s i c  approaches t o  
t u r b u l e n c e  m o d e l i n g  a r e  r e q u i r e d  f o r  uns teady  f low. Review o f  t h e s e  p rocedures  
and a n a l y s i s  o f  l a r g e  s c a l e  t ime-dependent  f low f e a t u r e s  ( w h i c h  can g e n e r a l l y  
be r e g a r d e d  as d e t e r m i n i s t i c )  have s t i m u l a t e d  i d e a s  wh ich  c o u l d  l e a d  t o  a l t e r -  
n a t i v e  methods o f  a c c o u n t i n g  for  t u r b u l e n c e  i n  uns teady  f low. These i d e a s  
w i l l  r e q u i r e  f u r t h e r  development  i n  o r d e r  t o  assess  t h e i r  f e a s i b i l i t y .  

AVRAM S I D I ,  Technion - Israel Institute o f  Technology 

I n  t h e  two summers ( a  t o t a l  of f o u r  months)  t h a t  I worked a t  ICOMP I 
e x p l o r e d  p o s s i b l e  modes o f  a p p l i c a t i o n  of e x t r a p o l a t i o n  methods f o r  v e c t o r  
sequences t o  c o m p u t a t i o n a l  f l u i d  mechan ics .  The v e c t o r  sequences o f  u t m o s t  
i n t e r e s t  a r e  t h o s e  t h a t  a r i s e  from f i n i t e  d i f f e r e n c e  s o l u t i o n  o f  p a r t i a l  d i f -  
f e r e n t i a l  e q u a t i o n s  i n  g e n e r a l ,  and E u l e r  and Nav ie r -S tokes  e q u a t i o n s  i n  
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p a r t i c u l a r .  The e x t r a p o l a t i o n  methods w i t h  wh ich  I had a s u b s t a n t i a l  amount 
o f  exper ience  a r e  t h e  m i n i m a l  p o l y n o m i a l  e x t r a p o l a t i o n  and t h e  reduced  r a n k  
e x t r a p o l a t i o n .  

Most o f  t h e  t h e o r e t i c a l  r e s e a r c h  on  v e c t o r  e x t r a p o l a t i o n  methods has been 
c a r r i e d  o u t  a t  NASA Lew is  Research C e n t e r ,  C l e v e l a n d ,  O h i o  and T e c h n i o n - I s r a e l  
I n s t i t u t e  o f  Techno logy ,  H a i f a ,  I s r a e l ,  i n  t h e  p a s t  f i v e  y e a r s .  R e s u l t s  p e r -  
t a i n i n g  to  t h e  v e r y  c r u c i a l  a s p e c t s ,  such as convergence and s t a b i l i t y ,  have 
been v e r y  u s e f u l  i n  d e v e l o p i n g  s t r a t e g i e s  o f  p r a c t i c a l  v a l u e  i n  t h e  a p p l i c a -  
t i o n s  t h a t  were done s u b s e q u e n t l y .  

So f a r  t h e  above men t ioned  methods have been s u c c e s s f u l l y  used i n  con junc -  
t i o n  w i t h  two computer  codes t h a t  w e r e  w r i t t e n  f o r  a subson ic  c o m p r e s s i b l e  
d u c t  f low p rob lem and two o t h e r s  t h a t  were w r i t t e n  for a h i g h  speed t r a n s o n i c  
p r o p e l l e r  p rob lem.  I n  a l l  t h e s e  a p p l i c a t i o n s  s u b s t a n t i a l  s a v i n g s  i n  number o f  
i t e r a t i o n s  were a c h i e v e d .  

Bo th  o f  t h e  e x t r a p o l a t i o n  methods above can be implemented i n  p a r a l l e l  w i t h  
t h e  code t h a t  i s  p e r f o r m i n g  t h e  i t e r a t i o n s  and p r o d u c i n g  t h e  r e l e v a n t  v e c t o r  
sequence. T h i s  w i l l  r educe  t h e  overhead r e s u l t i n g  from t h e  use o f  e x t r a p o l a -  
t i o n  methods s i g n i f i c a n t l y .  There have been some c o n t a c t s  h e r e  a t  Lew is  t h a t  
w i l l  h o p e f u l l y  r e s u l t  i n  t h e  d e s i g n  o f  a p a r a l l e l  p r o c e s s o r  for e x t r a p o l a t i o n  
methods.  

ELI TURKEL, Tel Aviv University 

I n  j o i n t  work w i t h  A .  So lomono f f  we s t u d i e d  t h e  p r o p e r t i e s  o f  s p e c t r a l  
a p p r o x i m a t i o n s .  V a r i o u s  f u n c t i o n s  were approx ima ted  by  a g l o b a l  c o l l o c a t i o n  
method u s i n g  b o t h  Chebyshev nodes and e q u a l l y  spaced nodes.  I t  was o b s e r v e d  
t h a t  t h e  p r o p e r t i e s  o f  t h e s e  methods d i f f e r e d  from t h a t  o f  l o c a l  methods.  
an example,  when a l a r g e  g r a d i e n t  e x i s t s  i n  t h e  f u n c t i o n ,  t h e  g l o b a l  approx ima-  
t i o n  i s  more a c c u r a t e  when t h e  l a r g e  g r a d i e n t  i s  nea r  t h e  boundary .  T h i s  i s  
t r u e  f o r  b o t h  s e t s  o f  noda l  p o i n t s  and so t h e  i n c r e a s e d  r e s o l u t i o n  i s  n o t  due 
t o  more p o i n t s  i n  t h e  boundary  r e g i o n .  A paper  d e s c r i b i n g  these  r e s u l t s  and 
e x t e n s i o n  t o  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  has been s u b m i t t e d  t o  t h e  J o u r n a l  
o f  Computa t i ona l  P h y s i c s .  

A s  

An e f f o r t  was begun w i t h  R .  Chima of NASA Lewis  t o  i n v e s t i g a t e  t h e  m u l t i -  
g r i d  scheme and compare i t  w i t h  t h e  m u l t i p l e  l e v e l  approach o f  R .  N i .  Two 
c e n t r a l  d i f f e r e n c e  Runge-Kut ta  codes were used,  one based on a f i n i t e  volume 
approach and one based o n  a f i n i t e  d i f f e r e n c e  approach.  
a p p l i e d  t o  b o t h  i n v i s c i d  and v i s c o u s  prob lems fo r  f l ow  abou t  an a i r f o i l  and 
f low i n  a d u c t .  The s t a n d a r d  f u l l  m u l t i g r i d  a l g o r i t h m  was found  t o  be more 
e f f i c i e n t  t h a n  t h e  N i  approach.  Some t h e o r e t i c a l  work s u p p o r t i n g  t h i s  conc lu -  
s i o n  was a l s o  found .  An A I A A  paper  was p r e s e n t e d  a t  t h e  1987 Aerospace Sc iences  
M e e t i n g  i n  Reno, Nevada. 

These codes were t h e n  

LEON van DOMMELEN, Florida State University 

A number o f  a p p l i c a t i o n s  i n  c o m p u t a t i o n a l  f l u i d  dynamics a l l o w  t h e  f l ow  t o  
be d e s c r i b e d  u s i n g  a r e l a t i v e l y  sma l l  number o f  d i s c r e t e  e lemen ts :  examples 
a r e  pane ls  and v o r t i c e s .  D e s c r i p t i o n  u s i n g  such e lemen ts  can reduce  s t o r a g e  
r e q u i r e m e n t s ,  s i m p l i f y  a l g o r i t h m s ,  and a l l o w  complex c o n f i g u r a t i o n s  and 
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infinite domains to be described. In some applications, the elements are of 
particular interest by themselves: vortices in liquid Helium or stars in gal- 
axies. In other cases they are used to describe sharp distributions, such as 
vortices in separated flow at high Reynolds number. 

Unfortunately, the computational effort tends to increase rapidly with the 
number of elements, since each element is affected by all other elements indi- 
vidually. 
number of elements, it is desirable to separate the elements closely together 
from the elements further apart. Approximations may then be made for the ele- 
ments not in the immediate vicinity of each other. Such a procedure was devel- 
oped by van Dommelen & Rundensteiner [11 for two-dimensional flow and led to 
sizable reductions in computational time. 

In order for these methods to remain competitive for increasing 

The objective of this study was to examine possible extensions to three 
dimensions. As example, the gravitational forces introduced by point masses 
were determined numerically. This problem is closely related to the problem 
of the velocity introduced by vorticity, but somewhat simpler since mass 
scalar while vorticity is a vector. 

In the procedure developed, the domain is recursively subdivided into 
until the number of masses inside each cube is less than a pre-determined 
mum. The cubes are numbered using a generalization of the procedure [ l l  
which the digits of the three binary cube coordinates are combined into a 
gle base-3 number. 

Important differences between the two-dimensional and three-dimensional 
procedures are: portable Fortran (66 or 7 7 )  rather than Fortran 200, yet writ- 
ten to vectorize readily on Cray and CDC vector processors; changed storage of 
the cube numbers to allow much more subdivisions; reduction in the storage 
required for each cube by about a factor 7. 

Since asymptotic approximations of high order are much less effective in 
three dimensions, the scheme was modified to restrict approximations to larger 
distances; to compensate the present scheme allows much more subdivisions of 
the domain. 

The program i s  o p e r a t i o n a l  and some f i r s t  t e s t s  have been r u n  on t h e  NASA 
Lewis VAX cluster. Some inconsistencies in charged CPU time were noted, possi- 
bly due to paging, but they should not sizably affect the conclusions. 

In general it was found that the overhead occurred in generating and 
addressing the cubes was negligible; the savings in computational time were 
directly proportional to the number o f  terms that could be replaced by asymp- 
totic approximations. 

S 

cubes 
maxi- 
n 
sin- 

For the representative case of 2000 masses arranged on a circle, the 
present algorithm reduces the computational time by a factor 3.5. The algo- 
rithm does not lead to reduced accuracy: the original sum i s  poorly condi- 
tioned and its 2% relative error dominates any errors in the asymptotic 
approximations. For 4000 masses the savings were somewhat limited by the 
desire to keep the storage equivalent to the original algorithm; a factor 
4.5 in savings was achieved. 
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In order to study the errors introduced by the algorithm, these cases were 
repeated in 64 bit precision. For 2000 masses the savings were here a factor 
3.7, for 4000 a factor 6.2 and for 8000 a factor 10.9. The relative error in 
the magnitude of the force was found to be negligible, while the error in 
direction varied from 0.09% for 2000 masses to 0.27% for 8000. 

For masses arranged on a circular disk, it was found that the applicability 
of the asymptotic approximations was more limited. Even at 8000 masses, the 
savings were only 25%. 
totic approximations or accepting less than 5 digits accuracy. 

This could possibly be improved by higher order asymp- 

While there can be no doubt that the three dimensional problem is much more 
difficult than in two dimensions, the preliminary results obtained in this 
study are encouraging. They show clearly that sizable reductions in effort can 
in fact be achieved even for only a few thousand points. 
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BRAM van LEER, University of Michigan 

Several aspects of flux-splitting techniques were studied in collaboration 
with M.-S. Liou. In the first place, known formulas for flux-vector and flux- 
difference splitting were extended to incorporate real-gas effects. The moti- 
vation of this work lies in the current interest in high-speed high-temperature 
flows. A summary of this work was submitted to the First National Fluid Dynam- 
ics Congress, Cincinnati, Ohio, July 1988. 

Another research subject regarding flux-splitting methods is to come up 
with the best strategy of driving flux-split residuals to zero in steady-state 
calculations. Various combinations of flux-split and flux-difference-split 
residuals with implicit operators were analyzed. One preliminary conclusion 
is that the Steger-Warming flux-vector splitting is the most robust choice for 
the implicit operator. This work will be reported in a paper that has been 
accepted for the 26th Aerospace Sciences Meeting in Reno, January 1988. 

J.D.A. WALKER, Lehigh Universi ty 

My first effort was concerned with unsteady boundary-layer separation. 
Unsteady flow separation occurs in a wide variety of physical situations such 
as the flows that are commonly encountered in turbomachinery and over a pitch- 
ing airfoil surface. In most situations, the separation process initiates in 
a viscous boundary layer near the surface in the form of the appearance of a 
closed recirculating eddy; depending on the particular flow environment, the 
eddy may or may not be attached to the surface. At this stage of development, 
the flow field may still be considered to be double structured, consisting of 
an outer inviscid flow over the surface and an (as yet) thin viscous flow adja- 
cent to the surface. With the passage of time, the boundary layer is then 
observed to enter a phase of substantial and accelerating growth in a direction 
normal to the surface at streamwise locations close to the eddy. The process 
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c u l m i n a t e s  i n  a s t r o n g  i n v i s c i d - v i s c o u s  i n t e r a c t i o n  i n  w h i c h  an e r u p t i o n  o f  t h e  
b o u n d a r y - l a y e r  f low o u t  i n t o  t h e  i n v i s c i d  r e g i o n  o c c u r s .  T h i s  boundary - laye r  
e r u p t i o n  may t a k e  s e v e r a l  forms, depend ing  on t h e  l o c a l  e x t e r n a l  f low cond i -  
t i o n s  and t h e  geomet ry  i n v o l v e d ,  b u t  o f t e n  r e s u l t s  i n  t h e  e j e c t i o n  o f  a second- 
a r y  v o r t e x  from t h e  b o u n d a r y - l a y e r  f low near  t h e  su r face .  fo r  example,  i n  t h e  
case o f  lead ing-edge s e p a r a t i o n  b u b b l e s  or t u r b i n e  b l a d e s  or p i t c h i n g  a i r f o i l s ,  
t h e  b u b b l e  i s  o f t e n  obse rved  t o  e r u p t  and shed i n t o  t h e  o u t e r  f low i n  a v a r i e t y  
o f  c i r c u m s t a n c e s .  

The p r e s e n t  r e s e a r c h  i s  a s s o c i a t e d  w i t h  t h e  deve lopment  o f  n u m e r i c a l  a l g o -  
r i t h m s  wh ich  w i l l  p e r m i t  t h e  c a l c u l a t i o n  o f  an e v o l v i n g  u n s t e a d y  f low near  a 
s u r f a c e  t h r o u g h  i n t o  i n t e r a c t i o n  w i t h  t h e  o u t e r  f low a t  h i g h  Reyno lds  numbers. 
Most c o n v e n t i o n a l  p rocedures  ( a s  w e l l  as f u l l  Nav ie r -S tokes  methods)  encoun te r  
severe  n u m e r i c a l  d i f f i c u l t y  i n  c o n t i n u i n g  a n u m e r i c a l  i n t e g r a t i o n  once a bound- 
a r y  l a y e r  e r u p t i o n  b e g i n s  t o  t a k e  p l a c e .  A t  h i g h  Reyno lds  numbers, such erup-  
t i o n s  o c c u r  o v e r  a band of v e r y  n a r r o w  s t reamwise  e x t e n t  a t  l o c a t i o n s  wh ich  
a r e  2 p r i o r i  unknown. The p r e s e n t  a l g o r i t h m s  use a L a g r a n g i a n  d e s c r i p t i o n  t o  
t r a c k  t h e  e v o l u t i o n  o f  t h e  e r u p t i n g  v i s c o u s  f low. I n t e r a c t i n g  boundary  l a y e r  
t h e o r y  i s  used t o  c o u p l e  t h e  c a l c u l a t i o n s  w i t h  t h e  o u t e r  f low. The r e s u l t s  
o b t a i n e d  a r e  v e r y  encourag ing  and sugges t  t h a t  t h e  p r e s e n t  methods may have 
w ide  app l  i c a b i  1 i t y .  

My second a c t i v i t y  was concerned w i t h  embedded f u n c t i o n  methods.  I n  con- 
v e n t i o n a l  n u m e r i c a l  methods for t h e  p r e d i c t i o n  o f  t u r b u l e n t  flows n e a r  w a l l s ,  
s u b s t a n t i a l  numbers o f  mesh p o i n t s  and c o m p u t a t i o n a l  e f fo r t  i s  r e q u i r e d  to ade- 
q u a t e l y  r e s o l v e  t h e  i n t e n s e  v e l o c i t y  and tempera tu re  p r o f i l e  v a r i a t i o n s  t h a t  
o c c u r  i n  t h e  near  w a l l  r e g i o n .  I n  t h i s  r e s e a r c h ,  a l g o r i t h m s  a r e  b e i n g  d e v e l -  
oped where in  an o u t e r  n u m e r i c a l  s o l u t i o n  i s  matched t o  a s e t  o f  embedded ana- 
l y t i c  p r o f i l e  f u n c t i o n s  wh ich  d e s c r i b e  t h e  t u r b u l e n t  mean p r o f i l e s  nea r  t h e  
w a l l .  These wal l - l a y e r  p r o f i l e s  have 'been deve loped t h r o u g h  c o n s i d e r a t i o n  o f  
t h e  c o h e r e n t  s t r u c t u r e  of t h e  t ime-dependent  n e a r - w a l l  flow. S k i n  f r i c t i o n  and 
h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  o b t a i n e d  t h r o u g h  a s y m p t o t i c  m a t c h i n g  c o n d i t i o n s  
wh ich  a r e  t h e  ma themat i ca l  s t a t e m e n t s  t h a t  t h e  o u t e r  r e g i o n  n u m e r i c a l  s o l u t i o n  
s h o u l d  j o i n  smoo th l y  o n t o  t h e  a n a l y t i c a l  w a l l  l a y e r  p r o f i l e s .  C u r r e n t  s t u d i e s  
i n d i c a t e  t h a t  o n l y  h a l f  t h e  mesh p o i n t s  (as  opposed t o  c o n v e n t i o n a l  methods)  
a r e  r e q u i r e d  i n  t h i s  approach;  t h e  a l g o r i t h m s  b e i n g  deve loped  have p r o v e d  t o  
be v e r y  e f f i c i e n t  and a c c u r a t e  for two d imens iona l  t u r b u l e n t  f lows and a r e  c u r -  
r e n t l y  b e i n g  c o n s i d e r e d  for t h r e e - d i m e n s i o n a l  p rob lems .  I t  i s  a n t i c i p a t e d  
t h a t  t h i s  methodo logy  w i l l  be ex tended  t o  f u l l  Nav ie r -S tokes  methods t o  sub- 
s t a n t i a l l y  reduce  t h e  number o f  mesh p o i n t s  nea r  s o l i d  w a l l s  and t o  improve 
c o m p u t a t i o n a l  e f f i c i e n c y .  

CHOWEN CHOU WEY, Georgia Institute of  Technology 

To s t u d y  t h e  v a r i a b l e  d e n s i t y  e f f e c t s  i n  d e c a y i n g  g r i d  t u r b u l e n c e ,  D i r e c t  
Numer ica l  S i m u l a t i o n ,  wh ich  i s  t o  d i r e c t l y  s o l v e  t h e  t ime-dependent  N a v i e r -  
S tokes  e q u a t i o n s ,  i s  employed.  The t u r b u l e n t  m i x i n g  l a y e r  i s  t a k e n  t o  be s t a -  
t i s t i c a l l y  homogeneous i n  t h e  l a t e r a l  ( y )  and flow (XI d i r e c t i o n s .  That  i s ,  
t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  f low depend o n l y  on  t h e  t r a n s v e r s e  c o o r d i n a t e  
( 2 )  and t i m e .  T h i s  enab les  us t o  compute t e m p o r a l l y  d e v e l o p i n g  m i x i n g  l a y e r s  
i n s t e a d  of t h e  s p a t i a l l y  d e v e l o p i n g  ones u s u a l l y  s t u d i e d  i n  t h e  l a b o r a t o r y .  
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Pseudo-spec t ra l  n u m e r i c a l  methods a r e  used t o  s o l v e  t h e  g o v e r n i n g  e q u a t i o n s  
o f  m o t i o n .  The v a r i a b l e s  a r e  expanded i n  F o u r i e r  S e r i e s .  P e r i o d i c  boundary  
c o n d i t i o n s  a r e  used i n  t h e  d i r e c t i o n s  o f  homogene i ty  ( x , y )  and f r e e - s l i p  c o n d i -  
t i o n s  i n  t h e  t r a n s v e r s e  ( 2 )  d i r e c t i o n .  

V a r i o u s  i n i t i a l  c o n d i t i o n s ,  such as fundamenta l  a n d / o r  subharmonic  f o r c i n g ,  
i n t e n s i t y  o f  t h e  t u r b u l e n c e ,  and Reynolds Number, a r e  t e s t e d .  S e r i e s  o f  numer- 
i c a l  s i m u l a t i o n s  a r e  a l s o  pe r fo rmed  t o  examine t h e  impac t  o f  i n c r e a s i n g  t h e  
degree of d e n s i t y  s t r a t i f i c a t i o n ,  s t a r t i n g  w i t h  t h e  c o n s t a n t  d e n s i t y  m i x i n g  
l a y e r ,  i n  a " s i m p l e "  f low f i e l d .  The compar ison between c o n s t a n t  and v a r i a b l e  
m i x i n g  l a y e r  r e v e a l s  some i n t e r e s t i n g  phenomena, b u t  t h e  e x a c t  e x p l a n a t i o n  i s  
s t i l l  under  s t u d y .  

~ 

DAVID WHITFIELD, Mississippi State University 

~ 

D u r i n g  t h e  two-weeks a t  ICOMP from August  2-14, 1987, a t t e n t i o n  was f o c u s e d  
on  t h e  c o m p u t a t i o n  o f  f low a s s o c i a t e d  w i t h  two r o t a t i n g  mach ine ry  p rob lems .  
The first was t h e  f low t h r o u g h  NASA's p roposed s u p e r s o n i c  t h r o u g h - f l o w  compres- 
sor. T h i s  i n v o l v e d  t h e  t h r e e - d i m e n s i o n a l  uns teady  s o l u t i o n  o f  t h e  E u l e r  equa- 
t i o n s  f o r  a r o t o r - s t a t o r  c o m b i n a t i o n .  
s o l u t i o n  were produced by  NASA p e r s o n n e l ,  and t h e  necessa ry  f i l e s  were con- 
s t r u c t e d  f o r  t h e  t i m e  a n i m a t i o n  o f  t h e  uns teady  s o l u t i o n .  

Ve ry  i m p r e s s i v e  c o l o r  g r a p h i c s  o f  t h i s  

The second p r o b l e m  a l s o  r e q u i r e d  t h e  s o l u t i o n  of t h e  t h r e e - d i m e n s i o n a l  
uns teady  E u l e r  e q u a t i o n s ,  t h i s  t i m e  fo r  t h e  Hami l t on -S tandard  SR-7 p r o p f a n .  
A t t e n t i o n  h e r e  was g i v e n  t o  t h e  development  o f  a c o m p u t a t i o n a l  method t o  sup- 
p o r t  an e x p e r i m e n t a l  t e s t  p rogram r e c e n t l y  conduc ted  i n  France.  Because t h e  
t e s t  p rogram c o u l d  n o t  h a n d l e  t h e  e n t i r e  e i g h t  b l a d e s  o n l y  two b l a d e s  were used 
i n  t h e  e x p e r i m e n t .  T h e r e f o r e ,  one o f  t h e  o b j e c t s  o f  t h e  c o m p u t a t i o n a l  e f f o r t  
i s  t o  i n v e s t i g a t e  cascade S f f e c t s  t o  assess how t h e  e x p e r i m e n t a l  d a t a  m i g h t  be 
e x t r a p o l a t e d  t o  t h e  t r u e  e i g h t - b l a d e  c o n f i g u r a t i o n .  

YAU SHU WONG, University of Alberta, Edmonton 

Many p r a c t i c a l  p rob lems i n  s c i e n c e  and e n g i n e e r i n g  r e q u i r e  t h e  s o l u t i o n  o f  
l a r g e  s y s t e m s  o f  e q u a t i o n s .  The c o n j u g a t e  g r a d i e n t  (CG) method used i n  con- 
j u n c t i o n  w i t h  a s u i t a b l e  p r e c o n d i t i o n i n g  t e c h n i q u e  has been w i d e l y  accep ted  as 
one o f  t h e  most e f f i c i e n t  i t e r a t i v e  p r o c e d u r e s .  The b a s i c  CG a l g o r i t h m  can be 
e f f i c i e n t l y  implemented on  a v e c t o r  computer  such as t h e  CDC CYBER 205. The 
use o f  a m a t r i x  p o l y n o m i a l  as a p r e c o n d i t i o n e r  has been proposed,  and i t  i s  
a l s o  s u i t a b l e  for c o d i n g  on  a v e c t o r  computer .  However, t h e  amount o f  computa- 
t i o n a l  work due t o  t h e  p o l y n o m i a l  p r e c o n d i t i o n i n g  i s  l a r g e r  t h a n  t h e  b a s i c  CG 
a l g o r i t h m  i t s e l f .  T h i s  l e a d s  us t o  i n v e s t i g a t e  an a l t e r n a t i v e  c h o i c e  f o r  a 
more e f f i c i e n t  p r e c o n d i t i o n e r .  A new t e c h n i q u e ,  namely,  t h e  approx ima te  p o l y -  
nomia l  p r e c o n d i t i o n i n g ,  has been shown t o  p r o v i d e  a s i g n i f i c a n t  improvement  
o v e r  t h e  t r a d i t i o n a l  p o l y n o m i a l  p r e c o n d i t i o n i n g .  The b a s i c  i d e a  i s  t h a t  t h e  
p r e c o n d i t i o n i n g  p o l y n o m i a l  i s  d e r i v e d  from a n o t h e r  c o e f f i c i e n t  m a t r i x  t h a t  con- 
t a i n s  f a r  f ewer  nonzero  e lemen ts  t h a n  t h e  o r i g i n a l  m a t r i x  o p e r a t o r .  The d e t a i l  
o f  t h i s  t e c h n i q u e  and t h e  n u m e r i c a l  r e s u l t s  f o r  s o l v i n g  b i h a r m o n i c  e q u a t i o n s  
w i l l  be p r e s e n t e d  i n  t h e  ICOMP r e p o r t .  
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Balarini, Roberto (CWRU) and Plesha, Michael E. (ICOMP): "The E f f e c t s  o f  Crack  
S u r f a c e  F r i c t i o n  and Roughness o n  Crack  T i p  S t r e s s  F i e l d s . "  ICOMP 
Repor t  No. 87-1, NASA TM 88976, F e b r u a r y  1987, 17 pages.  

A model i s  p r e s e n t e d  wh ich  can be used t o  i n c o r p o r a t e  t h e  e f f e c t s  o f  f r i c -  
t i o n  and t o r t u o s i t y  a l o n g  c r a c k  s u r f a c e s  t h r o u g h  a c o n s t i t u t i v e  l a w  a p p l i e d  
t o  t h e  i n t e r f a c e  between o p p o s i n g  c r a c k  s u r f a c e s .  The p r o b l e m  o f  a c r a c k  
w i t h  a saw- too th  s u r f a c e  i n  an i n f i n i t e  medium s u b j e c t e d  t o  a f a r - f i e l d  
shear  s t r e s s  i s  s o l v e d  and t h e  r a t i o s  o f  Mode-I s t r e s s  i n t e n s i t y  t o  Mode-I1 
s t r e s s  i n t e n s i t y  a r e  c a l c u l a t e d  f o r  v a r i o u s  c o e f f i c i e n t s  o f  f r i c t i o n  and 
m a t e r i a l  p r o p e r t i e s .  The r e s u l t s  show t h a t  t o r t u o s i t y  and f r i c t i o n  l e a d  t o  
an i n c r e a s e  i n  f r a c t u r e  l o a d s  and a l t e r  t h e  d i r e c t i o n  o f  c r a c k  p r o p a g a t i o n .  

Lin, Chin-Shun (ICOMP): "Numer i ca l  C a l c u l a t i o n s  o f  T u r b u l e n t  R e a c t i n g  Flow i n  
a Gas-Turb ine Combustor . "  ICOMP R e p o r t  No. 87-2, A p r i l  1987, 20 pages.  

A n u m e r i c a l  s t u d y  f o r  c o n f i n e d ,  a x i s y m m e t r i c a l ,  t u r b u l e n t  d i f f u s i o n  f l a m e s  
i s  p r e s e n t e d .  L o c a l  mean gas p r o p e r t i e s  a r e  p r e d i c t e d  by  s o l v i n g  t h e  
a p p r o p r i a t e  c o n s e r v a t i o n  e q u a t i o n s  i n  t h e  f i n i t e - d i f f e r e n c e  form w i t h  t h e  
c o r r e s p o n d i n g  boundary  c o n d i t i o n s .  The k-E two -equa t ion  t u r b u l e n c e  model 
i s  employed t o  d e s c r i b e  t h e  t u r b u l e n t  n a t u r e  o f  t h e  f low. A two-s tep  
k i n e t i c  model i s  assumed t o  govern  t h e  r e a c t i o n  mechanism. The f i n i t e  
r e a c t i o n  r a t e  i s  t h e  s m a l l e r  o f  an A r r h e n i u s  t y p e  o f  r e a c t i o n  r a t e  and a 
m o d i f i e d  v e r s i o n  o f  eddy-breakup mode l .  Reasonable agreement  i s  obse rved  
between c a l c u l a t i o n s  and measurements, b u t  to  o b t a i n  b e t t e r  agreement ,  
more work i s  needed on  improvements o f  t h e  above ma themat i ca l  mode ls .  
However, t h e  p r e s e n t  n u m e r i c a l  s t u d y  o f fe rs  an improvement  i n  t h e  a n a l y s i s  
and d e s i g n  o f  t h e  gas t u r b i n e  combustors .  

Givi, Peyman (ICOMP) and Kosaly, George (University of Washington): "On t h e  
Coa lescence-D ispe rs ion  M o d e l i n g  of T u r b u l e n t  M o l e c u l a r  M i x i n g , "  ICOMP Report  
No. 87-3, NASA TM 89910, J u l y  1987, 24 pages.  

The g e n e r a l  c o a l e s c e n c e - d i s p e r s i o n  (C/D> c l o s u r e  p r o v i d e s  phenomeno- l o g i -  
c a l  m o d e l i n g  o f  t u r b u l e n t  m o l e c u l a r  m i x i n g .  The models  o f  C u r l ,  and 
Dopazo and O ' B r i e n  appear  as two l i m i t i n g  C / D  models t h a t  " b r a c k e t "  t h e  
range  o f  r e s u l t s  one can o b t a i n  by  v a r i o u s  mode ls .  T h i s  f i n d i n g  i s  used 
t o  i n v e s t i g a t e  t h e  s e n s i t i v i t y  o f  t h e  r e s u l t s  t o  t h e  c h o i c e  o f  t h e  mode l .  
I n e r t  s c a l a r  m i x i n g  i s  f o u n d  t o  be l e s s  m o d e l - s e n s i t i v e  t h a n  m i x i n g  accom- 
p a n i e d  by  chemica l  r e a c t i o n .  I n f i n i t e l y  f a s t  c h e m i s t r y  a p p r o x i m a t i o n  i s  
used t o  r e l a t e  t h e  C/D approach t o  Toor's e a r l i e r  r e s u l t s .  Pure  m i x i n g  
and i n f i n i t e  r a t e  c h e m i s t r y  c a l c u l a t i o n s  a r e  compared to  s t u d y  f u r t h e r  a 
r e c e n t  r e s u l t  o f  H s i e h  and O ' B r i e n  who f o u n d  t h a t  h i g h e r  c o n c e n t r a t i o n  
moments a r e  n o t  s e n s i t i v e  t o  c h e m i s t r y .  
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Ghoniem, Ahmed F .  (MIT) and G i v i ,  Peyman (ICOMP): " V o r t e x - S c a l a r  E lement  Ca l -  
c u l a t i o n s  o f  a D i f f u s i o n  Flame S t a b i l i z e d  on  a P lane  M i x i n g  Laye r , "  ICOMP 
Repor t  No. 87-4, NASA TM 100133, August  1987, 25 pages.  

The v o r t e x - s c a l a r  e lement  method,  a scheme wh ich  u t i l i z e s  v o r t e x  e lemen ts  
t o  d i s c r e t i z e  t h e  r e g i o n  o f  h i g h  v o r t i c i t y  and s c a l a r  e lements  t o  r e p r e -  
s e n t  spec ies  or t e m p e r a t u r e  f i e l d s ,  i s  u t i l i z e d  i n  t h e  n u m e r i c a l  s imu la -  
t i o n s  o f  a two-d imens iona l  r e a c t i n g  m i x i n g  l a y e r .  Computa t ions  a r e  
pe r fo rmed  f o r  a d i f f u s i o n  f l a m e  a t  h i g h  Reynolds and P e c l e t  numbers w i t h -  
o u t  r e s o r t i n g  t o  t u r b u l e n c e  mode ls .  I n  t h e  n o n - r e a c t i n g  f l ow ,  t h e  mean 
and f l u c t u a t i o n  p r o f i l e s  o f  a conserved  s c a l a r  show good agreement  w i t h  
e x p e r i m e n t a l  measurements. R e s u l t s  f o r  t h e  r e a c t i n g  f low i n d i c a t e  t h a t  
f o r  tempera tu re - independen t  k i n e t i c s ,  t h e  chemica l  r e a c t i o n  b e g i n s  immedi- 
a t e l y  downstream of t h e  s p l i t t e r  p l a t e  where m i x i n g  s t a r t s .  R e s u l t s  f o r  
t h e  r e a c t i n g  f low w i t h  A r r h e n i u s  k i n e t i c s  show an i g n i t i o n  d e l a y ,  wh ich  
depends on  t h e  r e a c t a n t s  t e m p e r a t u r e ,  b e f o r e  s i g n i f i c a n t  chemica l  r e a c t i o n  
o c c u r s .  Harmonic f o r c i n g  changes t h e  s t r u c t u r e  o f  t h e  l a y e r ,  and c m c o m i -  
t a n t l y  t h e  r a t e s  o f  m i x i n g  and r e a c t i o n ,  i n  accordance w i t h  e x p e r i m e n t a l  
r e s u l t s .  S t r o n g  s t r e t c h  w i t h i n  t h e  b r a i d s  i n  t h e  n o n e q u i l i b r i u m  k i n e t i c s  
case causes l o c a l  f lame quench ing  due to  t h e  tempera tu re  d r o p  a s s o c i a t e d  
w i t h  t h e  l a r g e  c o n v e c t i v e  f l u x e s .  

Woog, Yau Shu (ICOMP) and Jiang, Hong (University o f  Alberta):  "Approx ima te  
P o l y n o m i a l  P r e c o n d i t i o n i n g  A p p l i e d  t o  B iha rmon ic  Equa t ions  on  Vector Supercom- 
p u t e r s , "  ICOMP Repor t  No. 87-5, NASA TM 100217, Oc tober  1987, 19 pages.  

A p p l y i n g  a f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  t o  a b i h a r m o n i c  e q u a t i o n  r e s u l t s  
i n  a v e r y  i l l - c o n d i t i o n e d  sys tem o f  e q u a t i o n s .  T h i s  paper  examines t h e  
c o n j u g a t e  g r a d i e n t  method used i n  c o n j u n c t i o n  w i t h  t h e  g e n e r a l i z e d  and 
approx ima te  p o l y n o m i a l  p r e c o n d i t i o n i n g s  f o r  s o l v i n g  such l i n e a r  systems.  
An approx ima te  p o l y n o m i a l  p r e c o n d i t i o n i n g  i s  i n t r o d u c e d ,  and i s  shown t o  
be more e f f i c i e n t  t han  t h e  g e n e r a l i z e d  p o l y n o m i a l  p r e c o n d i t i o n i n g s .  Th 
new t e c h n i q u e  p r o v i d e s  a s i m p l e  b u t  e f f e c t i v e  p r e c o n d i t i o n i n g  p o l y n o m i a  
wh ich  i s  based on a n o t h e r  c o e f f i c i e n t  m a t r i x  r a t h e r  t h a n  t h e  o r i g i n a l  
m a t r i x  o p e r a t o r  as commonly used.  

Liu,  Jong-Shang (ICOMP); Sockol, Peter M .  (NASA Lewis); and Prahl ,  Joseph M 
(CWRU): "Nav ie r -S tokes  Cascade A n a l y s i s  w i t h  a S t i f f  k-E Turbu lence  S o l v e r ,  
ICOMP Repor t  No. 87-6, NASA TM 100218, p r e p a r e d  f o r  t h e  A I A A  2 6 t h  Aerospace 
Sc iences  M e e t i n g ,  Reno, Nevada, January  11-14, 1988, 14 pages.  
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The two-d imens iona l ,  c o m p r e s s i b l e ,  t h i n - l a y e r  Nav ie r -S tokes  e q u a t i o n s  w i th  
t h e  Baldwin-Lomax t u r b u l e n c e  model and t h e  k-c model a r e  s o l v e d  n u m e r i c a l l y  
to  s i m u l a t e  t h e  f low t h r o u g h  a cascade.  The g o v e r n i n g  e q u a t i o n s  a r e  s o l v e d  
f o r  t h e  e n t i r e  f low domain, w i t h o u t  t h e  boundary l a y e r  assumpt ions .  The 
s t i f f n e s s  o f  t h e  k-e e q u a t i o n s  i s  d i s c u s s e d .  A s e m i - i m p l i c i t ,  Runge-Kut ta ,  
t ime-march ing  scheme i s  deve loped  t:, s o l v e  t h e  k - E  e q u a t i o n s .  The impac t  
o f  t h e  k -E  s o l v e r  on t h e  e x p l i c i t  Runge-Kut ta  Nav ie r -S tokes  s o l v e r  i s  d i s -  
cussed.  Numer ica l  s o l u t i o n s  a r e  p r e s e n t e d  fo r  two-d imens iona l  t u r b u l e n t  
flow o v e r  a f l a t  p l a t e  and a doub le  c i r c u l a r  a r c  cascade and compared w i t h  
e x p e r i m e n t a l  d a t a .  



Lin, Chin-Shun (ICOMP): " S i m i l a r  S o l u t i o n s  f o r  V 
S lender  Three-Four ths-Power Body o f  R e s o l u t i o n . "  
TM 100205, 22 pages. 

scous Hyperson ic  Flow Over a 
ICOMP Report  No. 87-7, NASA 

For h y p e r s o n i c  f low w i t h  a shock wave, t h e r e  i s  a s i m i l a r  s o l u t i o n  c o n s i s t -  
e n t  t h r o u g h o u t  t h e  v i s c o u s  and i n v i s c i d  l a y e r s  a l o n g  a v e r y  s l e n d e r  t h r e e -  
f o u r t h s - p o w e r  body o f  r e v o l u t i o n .  The s t r o n g  p r e s s u r e  i n t e r a c t i o n  p rob lem 
can t h e n  be t r e a t e d  by  t h e  method o f  s i m i l a r i t y .  I n  t h e  p r e s e n t  s t u d y ,  
n u m e r i c a l  c a l c u l a t i o n s  a r e  pe r fo rmed  i n  t h e  v i s c o u s  r e g i o n  w i t h  t h e  edge 
p r e s s u r e  d i s t r i b u t i o n  known from t h e  i n v i s c i d  s i m i l a r  s o l u t i o n s .  The com- 
p r e s s i b l e  l a m i n a r  boundary - laye r  e q u a t i o n s  a r e  t r a n s f o r m e d  i n t o  a s y s t e m  o f  
o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  The r e s u l t i n g  t w o - p o i n t  boundary  v a l u e  
p rob lem i s  t h e n  s o l v e d  b y  t h e  Runge-Kut ta  method w i t h  a m o d i f i e d  Newton 's  
method f o r  t h e  c o r r e s p o n d i n g  boundary  c o n d i t i o n s .  The e f f e c t s  o f  w a l l  t e m -  
p e r a t u r e ,  mass b l e e d i n g ,  and body t r a n s v e r s e  c u r v a t u r e  a r e  i n v e s t i g a t e d .  
The induced  p r e s s u r e ,  d i s p l a c e m e n t  t h i c k n e s s ,  s k i n  f r i c t i o n ,  and h e a t  
t r a n s f e r  due t o  t h e  p r e v i o u s l y  ment ioned pa ramete rs  a r e  e s t i m a t e d  and 
ana lyzed .  

The ICOMP Steering Committee: " I n s t i t u t e  f o r  Computa t i ona l  Mechanics i n  Pro- 
p u l s i o n  ( I C O M P ) ,  F i r s t  Year  Summary," ICOMP R e p o r t  No. 87-8, 14 pages.  

The I n s t i t u t e  o f  Computa t i ona l  Mechanics i n  P r o p u l s i o n  ( I C O M P )  i s  o p e r a t e d  
j o i n t l y  b y  Case Western Reserve U n i v e r s i t y  and t h e  NASA Lewis  Research Cen- 
t e r  i n  C l e v e l a n d ,  O h i o .  The purpose o f  ICOMP i s  t o  deve lop  t e c h n i q u e s  t o  
improve p r o b l e m - s o l v i n g  c a p a b i l i t i e s  i n  a l l  a s p e c t s  o f  c o m p u t a t i o n a l  mech- 
a n i c s  r e l a t e d  t o  p r o p u l s i o n .  The I n s t i t u t e  began o p e r a t i o n  i n  1985. T h i s  
r e p o r t  d e s c r i b e s  t h e  e v e n t s  l e a d i n g  t o  i t s  f o r m a t i o n ,  i t s  o r g a n i z a t i o n  and 
method o f  o p e r a t i o n ,  and t h e  t e c h n i c a l  a c t i v i t i e s  o f  t h e  first y e a r .  

Leonard, 6. P. (ICOMP): "SHARP S i m u l a t i o n  o f  D i s c o n t i n u i t i e s  i n  H i g h l y  Convec- 
t i v e  S teady  Flow," ICOMP R e p o r t  No. 87-9, 34 pages.  

For s t e a d y  m u l t i d i m e n s i o n a l  c o n v e c t i o n ,  t h e  QUICK scheme has s e v e r a l  
a t t r a c t i v e  p r o p e r t i e s .  However, f o r  h i g h l y  c o n v e c t i v e  s i m u l a t i o n  o f  s t e p  
p r o f i l e s ,  QUICK produces  u n p h y s i c a l  o v e r s h o o t s  and a f e w  o s c i l l a t i o n s ,  and 
t h i s  may cause s e r i o u s  prob lems i n  n o n l i n e a r  f lows. F o r t u n a t e l y ,  i t  is 
p o s s i b l e  t o  m o d i f y  t h e  c o n v e c t i v e  f l u x  b y  w r i t i n g  t h e  " n o r m a l i z e d "  convec- 
t e d  c o n t r o l - v o l u m e  f a c e  v a l u e  as a f u n c t i o n  o f  t h e  n o r m a l i z e d  a d j a c e n t  
ups t ream node v a l u e ,  d e v e l o p i n g  c r i t e r i a  f o r  monoton ic  r e s o l u t i o n  w i t h o u t  
s a c r i f i c i n g  f o r m a l  accu racy .  T h i s  r e s u l t s  i n  a n o n l i n e a r  f u n c t i o n a l  r e l a -  
t i o n s h i p  between t h e  n o r m a l i z e d  v a r i a b l e s ,  whereas s t a n d a r d  methods a r e  
a l l  l i n e a r  i n  t h i s  sense.  The r e s u l t i n g  S imp le  H i g h  Accu racy  R e s o l u t i o n  
Program (SHARP) can be a p p l i e d  t o  s t e a d y  m u l t i d i m e n s i o n a l  flows c o n t a i n i n g  
t h i n  shear  or  m i x i n g  l a y e r s ,  shock waves, and o t h e r  f r o n t a l  phenomena. 
T h i s  r e p r e s e n t s  a s i g n i f i c a n t  advance i n  m o d e l i n g  h i g h l y  c o n v e c t i v e  flows 
o f  e n g i n e e r i n g  and g e o p h y s i c a l  impor tance .  SHARP i s  based on  an e x p l i c i t ,  
c o n s e r v a t i v e ,  c o n t r o l - v o l u m e  f l u x  f o r m u l a t i o n ,  e q u a l l y  a p p l i c a b l e  t o  one-, 
two-, or t h r e e - d i m e n s i o n a l  e l l i p t i c ,  p a r a b o l i c ,  h y p e r b o l i c ,  or  m i x e d - f l o w  
reg imes .  R e s u l t s  a r e  g i v e n  f o r  t h e  bench-mark p u r e l y  c o n v e c t i v e  o b l i q u e -  
s t e p  t e s t .  The mono ton ic  SHARP s o l u t i o n s  a r e  compared w i t h  t h e  d i f f u s i v e  
f i r s t - o r d e r  r e s u l t s  and t h e  nonmonotonic  p r e d i c t i o n s  o f  second- and 
t h i  r d - o r d e r  upwi n d i  ng.  
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S E M I N A R S  

DR. EDWARD A .  BOGUCZ, Syracuse Universi ty:  " C a l c u l a t i o n s  of Unsteady  Thermal 
Boundary Layers  and T u r b u l e n t  Wake Flows" 

Unsteady  Boundary Laye r  Heat  T rans fe r  Due t o  t h e  M o t i o n  o f  Free-Stream v o r -  
t i c e s :  The e f f e c t s  o f  f r e e - s t r e a m  v o r t i c e s  on t h e  f low and h e a t  t r a n s f e r  i n  a 
s u r f a c e  boundary  l a y e r  a r e  c o n s i d e r e d  fo r  t h e  case o f  a c i r c u l a r  c y l i n d e r ,  
wh ich  i s  exposed t o  an a p p r o a c h i n g  symmet r ic  v o r t e x  p a i r  t h a t  i s  imbedded i n  an 
o t h e r w i s e  u n i f o r m  f low. A n u m e r i c a l  s o l u t i o n  i s  f o r m u l a t e d  f o r  t h e  hyd ro -  
dynamic and the rma l  boundary  l a y e r s  a t  t h e  s t a g n a t i o n  p o i n t .  C a l c u l a t e d  
r e s u l t s  fo r  s e v e r a l  v o r t e x  flow s i t u a t i o n s  a r e  p r e s e n t e d .  Recent  LeRC measure- 
ments o f  uns teady  h e a t  t r a n s f e r  on  a s i m u l a t e d  s t a t o r  b l a d e ,  wh ich  i s  s u b j e c t e d  
t o  p a s s i n g  wakes t h a t  c o n t a i n  d i s c r e t e  v o r t i c e s ,  a r e  d i s c u s s e d  i n  te rms  o f  t h e  
p r e s e n t  r e s u l t s .  

T u r b u l e n t  Wake C a l c u l a t i o n s :  The m o d e l i n g  and c a l c u l a t i o n  o f  t u r b u l e n t  
wake f lows i s  d i s c u s s e d  i n  v i e w  of r e c e n t  a n a l y t i c a l  and e x p e r i m e n t a l  work. 
Numer i ca l  s o l u t i o n s  of t h e  comp le te  boundary  l a y e r  e q u a t i o n s  for  t h e  symmet r ic  
wake o f  a t h i n  f l a t  p l a t e  a r e  shown t o  s u p p o r t  a r e c e n t  a n a l y t i c a l  d e s c r i p t i o n  
o f  t h e  near  wake r e g i o n ,  wh ich  i s  based on  an a s y m p t o t i c  a n a l y s i s  o f  t h e  
g o v e r n i n g  e q u a t i o n s .  
near  wake r e g i o n  a r e  p r e s e n t e d .  The b e h a v i o r  o f  eddy v i s c o s i t y  models  r e q u i r e d  
for a c c u r a t e  p r e d i c t i o n s  i s  d i s c u s s e d .  

C a l c u l a t i o n s  o f  t h e  wake development  downstream o f  t h e  

DR. LOLA BOYCE, The Universi ty of  Texas a t  San Antonio: " I m p r o v i n g  t h e  R e l i a -  
b i l i t y  o f  Space P r o p u l s i o n  Systems:  Development o f  Computa t i ona l  Methods f o r  
M a t e r i a l  S t r e n g t h "  

M a t e r i a l  s t r e n g t h  d e g r a d a t i o n  i s  q u a n t i f i e d  by  damage i n d i c a t o r s  such as 
c r a c k  l e n g t h ,  f a t i g u e  s t r e n g t h  o r  f i b e r  d e g r a d a t i o n  t h a t  change m o n o t o n i c a l l y  
o v e r  t i m e .  E x p e r i m e n t a l  d a t a  t h a t  r e l a t e  damage and t i m e  have been r e p r e s e n t e d  
as d e t e r m i n i s t i c  ma themat i ca l  models  u s i n g  t h e o r i e s  such as f r a c t u r e  mechanics 
and mic romechan ics  c o n s t i t u t i v e  t h e o r y .  Models p r e d i c t  t h e  " t i m e  t o  r e a c h  a 
c e r t a i n  m a t e r i a l  damage l e v e l . "  Thus space p r o p u l s i o n  s y s t e m  component l i f e -  
t i m e s  may be e s t i m a t e d .  

Exper ience  has shown t h a t  under  f a t i g u e  l o a d i n g  such e s t i m a t e s  o n l y  r o u g h l y  
c o r r e l a t e  w i t h  obse rved  l i f e t i m e s ,  s i n c e  f a t i g u e  i s  e s s e n t i a l l y  a random phe- 
nomenon. T h i s  t a l k  d i s c u s s e s  t h e  p r o b a b i l i s t i c  t r e a t m e n t  o f  these  m a t e r i a l  
s t r e n g t h  d e g r a d a t i o n  mode ls .  P r o b a b i l i s t i c  a n a l y s i s  methods such as s imu la -  
t i o n  and moment t r a n s f e r  methods a r e  d i s c u s s e d .  Computer programs u t i l i z i n g  
s i m u l a t i o n ,  and b o t h  p a r a m e t r i c  and non-pa ramet r i c  methods o f  e s t i m a t i n g  t h e  
"random t i m e  to  r e a c h  a random m a t e r i a l  damage l e v e l "  a r e  d i s c u s s e d .  These 
p r o b a b i l i s t i c  methods i n c r e a s e  t h e  i n f o r m a t i o n  a v a i l a b l e  upon wh ich  t o  e s t i -  
mate t h e  l i f e t i m e  o f  space p r o p u l s i o n  s y s t e m  components. 
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DR. FRED S. H. CHANG, Cleve 
Con s e r v a t i on  Laws 'I I 

and State University: "Shock C a p t u r i n g  Schemes fo r  

T o t a l  v a r i a t i o n  may be used as a measure o f  o s c i l l a t i o n .  One way t o  d e s i g n  
n o n - o s c i l l a t o r y  shock c a p t u r i n g  schemes i s  t o  r e q u i r e  t h e  t o t a l  v a r i a t i o n  o f  
t h e  n u m e r i c a l  s o l u t i o n  be n o n - i n c r e a s i n g .  T h i s  l e a d s  t o  t h e  c o n s t r u c t i o n  o f  
TVD ( t o t a l  v a r i a t i o n  d i m i n i s h i n g )  schemes. A l l o w i n g  t h e  t o t a l  v a r i a t i o n  t o  
p o s s i b l y  i n c r e a s e ,  b u t  o n l y  by  an amount on  t h e  l e v e l  o f  l o c a l  t r u n c a t i o n  
e r r o r s ,  and u s i n g  a c e r t a i n  i n t e r p o l a t i o n  p r o c e d u r e  l e a d  t o  u n i f o r m - o r d e r  
e s s e n t i a l l y  n o n - o s c i l l a t o r y  ( I S N O  or ENO) schemes. The c o n s t r u c t i o n  o f  EN0 
schemes i s  d i s c u s s e d  and c o m p u t a t i o n a l  r e s u l t s  a r e  p r e s e n t e d .  

DR. TlAO J. CHANG, Ohio University: 
rences  o f  Rare E v e n t s "  

" S t o c h a s t i c  Approach f o r  S t u d y i n g  Occur-  

N a t u r a l  phenomena may n o t  be governed by d e t e r m i n i s t i c  e q u a t i o n s .  The 
g o v e r n i n g  e q u a t i o n s  may n o t  be s o l v e d  d e t e r m i n i s t i c a l l y .  The s t o c h a s t i c  
approach c o u l d  be an a l t e r n a t i v e .  A s t o c h a s t i c  p r o c e s s ,  namely non-homogeneous 
Po isson  p r o c e s s ,  i s  deve loped  t o  model o c c u r r e n c e s  of t h e  r a r e  e v e n t s .  The 
f o r m u l a t i o n  o f  t h e  i n t e n s i t y  f u n c t i o n  t h a t  c h a r a c t e r i z e s  t h e  s e v e r i t y  o f  r a r e  
even ts  i s d i  scussed.  

DR. STEPHEN S. COWLEY, Imperial College o f  Science & Technology, London, 
England: "Numer i ca l  S o l u t i o n s  o f  t h e  Unsteady  T r i p l e - D e c k  E q u a t i o n s "  

A b r i e f  i n t r o d u c t i o n  t o  "High"-Reynolds-number t r i p l e - d e c k  t h e o r y  f o r  l a m i -  
n a r  b o u n d a r y - l a y e r  flows w i l l  be g i v e n .  For s t e a d y  flows t r i p l e - d e c k  t h e o r y  
e x p l a i n s  b o u n d a r y - l a y e r  s e p a r a t i o n  w i t h o u t  t h e  o c c u r r e n c e  o f  a G o l d s t e i n  s i n g u -  
l a r i t y .  For u n s t e a d y  flows t h e  t r i p l e - d e c k  f o r m u l a t i o n  i s  n o t  as s u c c e s s f u l  
i n  d e s i n g u l a r i z i n g  t h e  boundary - laye r  e q u a t i o n s .  C a l c u l a t i o n s  ( i n  p r o g r e s s )  
t o  i d e n t i f y  s i n g u l a r  b e h a v i o r  w i l l  be d e s c r i b e d .  

DR. W .  N. DAWES, Whittle Laboratory] University of Cambridge, Cambridge, 
England: "Computa t i on  of 30 V iscous  Compress ib le  Flow i n  A x i a l  and R a d i a l  Flow 
Turbomachi n e r y "  

A s i m p l e ,  s e m i - i m p l i c i t  m u l t i g r i d  t i m e  march ing  code i s  d e s c r i b e d ,  w r i t t e n  
f o r  a p p l i c a t i o n  t o  any tu rbomach ine ry  geomet ry .  A p p l i c a t i o n s  a r e  i l l u s t r a t e d  
f o r  a x i a l  f l ow  t u r b i n e s ,  a x i a l  compressor  ( w i t h  c l e a r a n c e  f low) ,  r a d i a l  i n f l o w  
t u r b i n e ,  c e n t r i f u g a l  compressor  and a x i a l - r a d i a l  steam t u r b i n e  exhaus t  
d i f f u s e r .  

DR. JOHN D. DENTON, Whittle Laboratory, University of Cambridge] Cambridge, 
England: "Can we Compute Losses i n  Turbomach ines?"  

The mechanisms o f  loss g e n e r a t i o n  i n  tu rbomach ines  w i l l  be d e s c r i b e d  and 
t h e  d i f f i c u l t y  o f  compu t ing  t h e  loss q u a n t i t a t i v e l y  w i l l  be h i g h l i g h t e d .  I t  
w i l l  be suggested  t h a t  many of t h e  v i s c o u s  f low phenomena i n  a tu rbomach ine  
a r e  s c a r c e l y  u n d e r s t o o d ,  l e t  a l o n e  c a l c u l a b l e .  I n  t h i s  s i t u a t i o n  i t  i s  prema- 
t u r e  t o  e x p e c t  q u a n t i t a t i v e  r e s u l t s  from v i s c o u s  f low c a l c u l a t i o n s ,  and i t  i s  

33 



suggested that "semi viscous" calculations with considerable empirical input 
are preferable. The talk will be illustrated by results from viscous and semi 
viscous two-dimensional and 30 calculations. 

DR. GEORGE S .  DULIKRAVICH, Pennsylvania State  Universi ty:  "Interdisciplinary 
Research in Computational Mechanics: Ideas and Results" 

For each of the following topics, we will focus on a discussion of results 
giving only a brief review of the underlying concepts: 1 .  Computational grid 
generation using optimization, 2. Acceleration of iterative algorithms for non- 
linear problems, 3. Physically dissipative full potential equation for unsteady 
compressible flows, 4. Numerical dissipation based on physical dissipation, 
and 5 .  Inverse problems (design) in fluid mechanics and heat transfer. 

DR. PETER R .  EISEMAN, Columbia Universi ty:  "A Control Point Form of Algebraic 
Grid Generation" 

Local control points are established within the context of algebraic grid 
generation. 
bly of multisurface transformations that incorporates the best features of 
tensor product and Boolean sum constructions. Upon assembly, the resultant 
capability i s  the capacity to conform precisely to prescribed boundaries while 
being able to manipulate the grid through a sparse net of control points. 
interacting code has been developed in two-dimensions on the IRIS 2500. An 
on-line demonstration of that code will be given as a part o f  this seminar. 

The method of generation is based upon a multi-directional assem- 

An 

DR. PETER EISEMAN, Columbia Universi ty:  " A  Tutorial on Algebraic Grid Genera- 
tion in Three Sessions" 

The topic of algebraic grid generation will be examined in a relaxed and 
informal manner so that the audience can actively participate in the discus- 
sion. The aim is to deepen the understanding of the subject rather than to 
cover a large amount of material in a short time period. In an overall pro- 
gression, the discussion will start with basic invariate constructions and 
evolve towards control point formulations. Such a formulation is already on 
the NASA Lewis IRIS 3030 and was briefly described in a previous lecture. 

DR. MICHAEL R. FOSTER, Ohio State  Universi ty:  "On the Stability of Longs' Vor- 
tex with Large Axial Momentum" 

A family of long, slender vortices with conical similarity found by Long 
( JFM 1 1 ,  1962) has some members whose axial velocity profiles have off-axis 
peaks7and flow reversal near the vortex center. These profi les may have some 
relevance for breakdown of certain kinds of vortices. Asymptotic methods show 
that at large axial momentum flux, the vortex has a ring-jet structure, whose 
stability is dominated by the stability of the Bickley jet. 
longer axial-wave-length disturbances, the angular momentum becomes important, 
and the instability becomes centrifugal. The theory contains some long-wave 

However, for 
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n e u t r a l  modes 
wh ich  i s  exce 
d i s c u s s e d .  

Compar ison w i t h  n u m e r i c a l  c o m p u t a t i o n  of t h e  i n s t a b i l i t i e s ,  
l e n t  f o r  t h e  " s i n u o u s "  mode b u t  p o o r  f o r  t h e  " v a r i c o s e "  mode i s  

DR. DAVID GOTTLIEB, Tel Aviv Universi ty:  " M u l t i p l e  S teady  S t a t e s  f o r  Charac-  
t e r i s t i c  I n i t i a l  Va lue  Prob lems"  

The t i m e  dependent ,  i s e n t r o p i c ,  quas i -one -d imens iona l  e q u a t i o n s  o f  gas 
dynamics and o t h e r  model e q u a t i o n s  a r e  c o n s i d e r e d  under  t h e  c o n s t r a i n t  o f  cha r -  
a c t e r i s t i c  boundary  c o n d i t i o n s .  A n a l y s i s  o f  t h e  t i m e  e v o l u t i o n  shows how 
d i f f e r e n t  i n i t i a l  d a t a  may l e a d  t o  d i f f e r e n t  s t e a d y  s t a t e s  and how seeming ly  
anamolous b e h a v i o r  of t h e  s o l u t i o n  may be r e s o l v e d .  Numer ica l  e x p e r i m e n t a t i o n  
u s i n g  t i m e  c o n s i s t e n t  e x p l i c i t  a l g o r i t h m s  v e r i f i e s  t h e  c o n c l u s i o n s  o f  t h e  
a n a l y s i s .  The use of i m p l i c i t  schemes w i t h  v e r y  l a r g e  t i m e  s t e p s  l e a d s  t o  
e r roneous  r e s u l t s .  

PROFESSOR BORIS GRANOVSKY, Case Western Reserve Universi ty:  " A d m i s s i b l e  and 
Op t ima l  Procedures  i n  S i m u l a t i o n  b y  t h e  Monte C a r l o  Method"  

Monte C a r l o  method as a p r o b a b i l i s t i c  method for s o l v i n g  l i n e a r  i n t e g r a l  
e q u a t i o n s .  The r a t e  of convergence o f  a g e n e r a l  M . -  K .  p r o c e d u r e .  The con- 
c e p t  o f  a d m i s s i b i l i t y  of a M . -  K .  procedure  and c r i t e r i o n  f o r  an e f f i c i e n t  s i m -  
u l a t i o n  scheme. Examples of a d m i s s i b l e  and o p t i m a l  Monte C a r l o  p r o c e d u r e s .  

DR. MURLI GUPTA, George Washington Universi ty:  "Spect rum T r a n s f o r m a t i o n  Tech- 
n iques  f o r  D i v e r g e n t  I t e r a t i o n s "  

A number o f  i t e r a t i o n  schemes d i v e r g e  when t h e  s p e c t r a l  r a d i u s  o f  i t e r a -  
t i o n  m a t r i x  i s  l a r g e r  t h a n  one.  If t h e  e i g e n v a l u e  spec t rum o f  t h e  i t e r a t i o n  
m a t r i x  l i e s  e n t i r e l y  w i t h i n  S = [Z: 1 REAL ( Z )  1 < 11 , i t  can be enve loped  by  
an e l l i p s e  l y i n g  w i t h i n  S ,  and t h e  d i v e r g e n t  i t e r a t i o n s  can be t r a n s f o r m e d  i n t o  
a convergen t  one.  When t h e  spec t rum o f  t h e  i t e r a t i o n  m a t r i x  l i e s  o u t s i d e  S ,  a 
m a t r i x  t r a n s f o r m a t i o n  can be used t o  reduce  t h i s  p r o b l e m  t o  one whose spec t rum 
l i e s  i n  S .  A code has been deve loped  t h a t  l o c a t e s  t h e  e i g e n v a l u e  spec t rum and 
a u t o m a t i c a l l y  o b t a i n s  t h e  pa ramete rs  o f  t h e  t r a n s f o r m a t i o n s .  Some r e c e n t  
r e s u l t s  a r e  p r e s e n t e d .  T e s t  p rob lems i n c l u d e  c o n v e c t i o n  - d i f f u s i o n  e q u a t i o n s  
and t h e  b i h a r m o n i c  e q u a t i o n .  

DR. THOMAS HAGSTROM, State  Universi ty of New York a t  Stony Brook: 
Boundary C o n d i t i o n s  and t h e  Computa t i on  o f  S p a t i a l  E v o l u t i o n "  

"Numer ica l  

We d i s c u s s  t h e  p rob lem o f  compu t ing  a p p r o p r i a t e  boundary  c o n d i t i o n s  a t  
a r t i f i c i a l  b o u n d a r i e s  f o r  t h e  s i m u l a t i o n  o f  n o n l i n e a r  wave p r o p a g a t i o n .  By 
means o f  a s i m p l e  example, we show t h a t  t h e  c h o i c e  of such c o n d i t i o n s  can be 
c r u c i a l  f o r  l o n g  t i m e  c a l c u l a t i o n s .  We propose c o n d i t i o n s  a p p r o p r i a t e  f o r  t h e  
s tudy  o f  t h e  s p a t i a l  development  of p e r t u r b a t i o n s  t o  p a r a l l e l ,  i n c o m p r e s s i b l e  
f lows. 
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DR. S 
E x t e r  

I .  HAR 
or Prob 

HARAN, Universi ty of Akron: " A c c u r a t e  Boundary C o n d i t i o n s  f o r  
ems i n  Gas Dynamics" 

The numer i ca l  s o l u t i o n  of e x t e r i o r  p rob lems i s  t y p i c a l l y  accomp l i shed  by  
i n t r o d u c i n g  an a r t i f i c i a l ,  f a r  f i e l d  boundary  and s o l v i n g  t h e  e q u a t i o n s  on  a 
t r u n c a t e d  domain. For h y p e r b o l i c  s y s t e m s ,  boundary  c o n d i t i o n s  a t  t h i s  boundary  
a r e  o f t e n  d e r i v e d  by  impos ing  a p r i n c i p l e  of n o  r e f l e c t i o n .  However, waves 
w i t h  s p h e r i c a l  symmetry i n  gas dynamics s a t i s f y  e q u a t i o n s  where i ncoming  and 
o u t g o i n g  Riemann v a r i a b l e s  a r e  c o u p l e d .  T h i s  suggests  t h a t  ' n a t u r a l '  r e f l e c -  
t i o n s  may be i m p o r t a n t .  We propose a r e f l e c t i n g  boundary  c o n d i t i o n  based on  an 
a s y m p t o t i c  s o l u t i o n  of t h e  f a r  f i e l d  e q u a t i o n s .  
e s t i m a t e s  f o r  t h e  t r u n c a t e d  p rob lem and p r e s e n t  n u m e r i c a l  exper imen ts  t o  v a l i -  
d a t e  o u r  t h e o r y .  

We o b t a i n  n o n l i n e a r  ene rgy  

DR. KAROL 2.  KORCZAK, Case Western Reserve Universi ty:  "Advanced Numer i ca l  
Methods f o r  Complex Flow Prob lems:  Chebyshev and Legendre S p e c t r a l  E lements"  

The i s o p a r a m e t r i c  s p e c t r a l  e lemen t  method,  a c o m b i n a t i o n  o f  f i n i t e  e lemen ts  
and s p e c t r a l  f o r m u l a t i o n s ,  has e x p e r i e n c e d  s e v e r a l  r e f o r m u l a t i o n s  s i n c e  i t s  
o r i g i n a l  development  i n  1984-85. The m o d i f i c a t i o n s  have improved t h e  p e r -  
formance o f  t h e  a l g o r i t h m s  s u b s t a n t i a l l y  and have been d i r e c t e d  towards  commer- 
c i a l i z a t i o n  o f  t h e  method.  I n  t h i s  p r e s e n t a t i o n ,  t h e  l a t e s t  advances i n  t h e  
development  o f  t h e  a l g o r i t h m  based on Chebyshev and Legendre s p e c t r a l  expan- 
s i o n s  w i l l  be p r e s e n t e d .  The a reas  o f  d i s c u s s i o n  w i l l  i n c l u d e  mesh g e n e r a t i o n  
t e c h n i a u e s .  ma themat i ca l  f o r m u l a t i o n  o f  t h e  e q u a t i o n s  i n  space and t i m e ,  i m -  
p l i c i t  and e x p l i c i t  t i m e  i n t e g r a t i o n ,  
o t h e r s .  D e s c r i p t i o n  o f  c u r r e n t  a reas  
w i  1 1  conc lude  
t h e  p r e s e n t a t i o n .  

DR. SHIH-TUEN LEE, National Taiwan Un 
s i o n  Flame A d j a c e n t  t o  a S o l i d  F u e l "  

i n c o r p o  
o f  a p p l  

vers i t y  

a t i o n  of mov ing  b o u n d a r i e s  and 
c a t i o n s  and r e s e a r c h  e f f o r t s  

" A  Model o f  T u r b u l e n t  D i f f u -  

A model i s  deve loped  f o r  t u r b u l e n t  d i f f u s i o n  f l a m e  a d j a c e n t  t o  a s o l i d  
f u e l .  S p e c i a l  a t t e n t i o n  i s  g i v e n  t o  t h e  low-Reynolds number zone near  t h e  
s o l i d  f u e l ,  t h e  i n t e r a c t i o n  between t h e  t u r b u l e n c e  and t h e  chemica l  k i n e t i c s ,  
and soot f o r m a t i o n  and o x i d a t i o n .  Some p r e l i m i n a r y  r e s u l t s  a r e  a l s o  p r e s e n t e d .  

DR. B .  P .  LEONARD, Universi ty o f  Akron: " M o d e l l i n g  H i g h l y  C o n v e c t i v e  F lows"  

Wiggle-Free Steady  (30)  C o n v e c t i o n  w i t h  D i s c o n t i n u i t i e s ,  u s i n g  SHARP--the 
Genera l -Purpose A l l - N a t u r a l  S o l v e r  (No A r t i f i c i a l  A d d i t i v e s ) .  SHARP i s  a 
S imple High Accuracy  R e s o l u t i o n  Program des igned  t o  s i m u l a t e  s t e a d y  c o n v e c t i o n  
i n v o l v i n g  near  d i s c o n t i n u i t i e s  ( s h e a r  and boundary  l a y e r s ,  shock waves, e t c . )  
w i t h o u t  g e n e r a t i n g  w i g g l e s  or  o v e r s h o o t s .  SHARP i s  i n h e r e n t l y  monoton ic  w i t h -  
o u t  r e s o r t i n g  t o  a r t i f i c i a l  a d d i t i v e s  o r  c o m p l i c a t e d  f l u x  l i m i t e r s .  I t  i s  
based on a c o s t - e f f e c t i v e  m o d i f i c a t i o n  of QUICK u s i n g  an E x p o n e n t i a l  Upw ind ing  
or L i n e a r  E x t r a p o l a t i o n  Re f inemen t ,  b u t  o n l y  i n  c r i t i c a l  zones--QUICK i s  used 
th roughou t  t h e  b u l k  o f  t h e  f low domain. 

E x p l i c i t  Uns teady  ( 3 D )  C o n v e c t i o n - D i f f u s i o n  Schemes. These a r e  c o n t r o l -  
volume ( f i n i t e - d o m a i n )  c o n s e r v a t i v e  f l u x  f o r m u l a t i o n s  based on  t h e  pu re -  
c o n v e c t i o n  e q u a t i o n :  + ( x ,  - t )  = $ (x-yAt,o>. Cases c o n s i d e r e d  i n c l u d e :  ( i) 
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F i r s t - o r d e r  upw ind ing ;  ( i i) Lax-Wendrof f  ( L e i t h ) ;  ( i i i) Second-order  u p w i n d i n g ;  
( i v )  Fromm; ( v )  Q u a s i - t h i r d - o r d e r  u p w i n d i n g ;  ( v i )  F u l l y  t h i r d - o r d e r  u p w i n d i n g  
(QUICKEST). D i f f u s i o n  te rms a r e  i n c l u d e d  i n  a c o n s i s t e n t  manner. 

DR. CHIN-SHUN L I N ,  Iowa State University: " S i m i l a r  S o l u t i o n s  f o r  V iscous  
Hyperson ic  Flow o v e r  a S l e n d e r  314 Power Body o f  R e v o l u t i o n "  

For h y p e r s o n i c  f l ow  w i t h  a shock wave, t h e r e  i s  a s i m i l a r  s o l u t i o n  c o n s i s t -  
e n t  t h r o u g h o u t  t h e  v i s c o u s  and i n v i s c i d  l a y e r s  a l o n g  a v e r y  s l e n d e r  3/4-power 
body o f  r e v o l u t i o n  i f  t h e  p e r f e c t - g a s  assumpt ion  i s  made. The s t r o n g  p r e s s u r e  
i n t e r a c t i o n  prob lem can t h e n  be t r e a t e d  b y  t h e  method o f  s i m i l a r i t y .  I n  t h e  
p r e s e n t  s t u d y ,  n u m e r i c a l  c a l c u l a t i o n s  a r e  pe r fo rmed  i n  t h e  v i s c o u s  r e g i o n  w i t h  
t h e  edge p r e s s u r e  d i s t r i b u t i o n  known from t h e  i n v i s c i d  s i m i l a r  s o l u t i o n s .  The 
c o m p r e s s i b l e  l a m i n a r  b o u n d a r y - l a y e r  e q u a t i o n s  a r e  t r a n s f o r m e d  i n t o  a system o f  
o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  The r e s u l t i n g  t w o - p o i n t  boundary  v a l u e  p rob -  
lem i s  t h e n  s o l v e d  by  t h e  Runge-Kut ta  scheme w i t h  m o d i f i e d  Newton ' s  method f o r  
t h e  c o r r e s p o n d i n g  boundary  c o n d i t i o n s .  The e f f e c t s  o f  w a l l  t e m p e r a t u r e  mass 
b l e e d i n g ,  and body t r a n s v e r s e  c u r v a t u r e  a r e  i n v e s t i g a t e d .  The i n d u c e d  p r e s -  
su re ,  d i s p l a c e m e n t  t h i c k n e s s ,  s k i n  f r i c t i o n ,  and h e a t  t r a n s f e r  due t o  above 
e f f e c t s  a r e  ana lyzed  and e s t i m a t e d .  

DR. CHARLES L .  MERKLE, Pennsylvania State University: "Computa t ion  o f  Low 
Mach Number Flows" 

The convergence of t y p i c a l  t i m e  dependent  a l g o r i t h m s  slows down or ceases 
e n t i r e l y  a t  low Mach numbers. S t a b i l i t y  t h e o r y  i s  used t o  demons t ra te  t h a t  f o r  
i m p l i c i t  schemes t h i s  i s  t h e  r e s u l t  o f  app rox ima te  f a c t o r i z a t i o n  e r r o r s ,  w h i l e  
f o r  e x p l i c i t  schemes i t  i s  because o f  t i m e  s t e p  l i m i t a t i o n s .  Two methods f o r  
c i r c u m v e n t i n g  t h i s  slowdown a r e  demons t ra ted .  M a t r i x  p r e c o n d i t i o n i n g  i s  e f f e c -  
t i v e  t o  Mach numbers o f  t o  be low wh ich  i t  f a i l s  because o f  machine 
r o u n d o f f .  A p e r t u r b a t i o n  approach i s  e f f e c t i v e  for  even l o w e r  speeds.  Bo th  o f  
t h e s e  t e c h n i q u e s  a c h i e v e  Mach number i ndependen t  convergence by  c o n t r o l l i n g  t h e  
e i g e n v a l u e s ,  b u t  i t  i s  a l s o  shown t h a t  d i r e c t  i m p l i c i t  methods d o  n o t  r e q u i r e  
e i g e n v a l u e  c o n t r o l .  E x t e n s i o n  t o  low Reyno lds  number v i s c o u s  flows i s  seen t o  
i n t r o d u c e  a d d i t i o n a l  r e q u i r e m e n t s  on  t h e  low Mach number schemes. The tech -  
n i q u e s  a r e  demonst ra ted  b y  a p p l i c a t i o n  t o  low speed f lows w i t h  s t r o n g  h e a t  
a d d i t i o n .  Emphasis i s  p l a c e d  on  u n d e r s t a n d i n g  t h e  p h y s i c s  and ma themat i cs  
t h a t  cause these  d i f f i c u l t i e s  and t h e i r  r e s o l u t i o n .  

DR. ASHER A.  RUBINSTEIN,  Tulane University: "Crack  P a t h  T r a j e c t o r y  A n a l y s i s "  

The a i m  o f  t h i s  p r o j e c t  i s  t o  e v a l u a t e  d o m i n a t i n g  pa ramete rs  c o n t r o l l i n g  a 
c r a c k  p a t h  t r a j e c t o r y  f o r m a t i o n .  The e x p e r i m e n t a l  t r a j e c t o r y  was o b t a i n e d  by  
p o s i t i o n i n g  a h o l e  i n  t h e  v i c i n i t y  o f  a c r a c k  p a t h .  I n  o r d e r  t o  p e r f o r m  t h e  
c o r r e s p o n d i n g  a n a l y s i s ,  a n u m e r i c a l  approach f o r  r e p r e s e n t i n g  a c u r v i l i n e a r  
c r a c k  has been deve loped and a p p l i e d  t o  t h e  e x p e r i m e n t a l l y  o b t a i n e d  c r a c k  t r a -  
j e c t o r i e s .  S p e c i f i c  a t t e n t i o n  was g i v e n  t o  v a r i a t i o n  i n  m a j o r  f r a c t u r e  mechan- 
i c s  pa ramete rs  l i k e  s t r e s s  i n t e n s i t y  f a c t o r  and energy  r e l e a s e  r a t e ,  due t o  
c r a c k  e x t e n s i o n  a l o n g  t h e  g i v e n  p a t h  and p o s s i b l e  crack p a t h  v a r i a t i o n s .  
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DR. JAMES N .  SCOTT, Universi ty o f  Dayton: "Numer i ca l  S i m u l a t i o n  o f  Unsteady  
Flow i n  Ax i symmet r i c  J e t  Shear Laye rs "  

Unsteady  f low i n  a x i s y m m e t r i c  j e t  shear  l a y e r s  i s  computed by  s o l v i n g  t h e  
t ime-dependent  c o m p r e s s i b l e  Nav ie r -S tokes  e q u a t i o n s .  The computed r e s u l t s  a r e  
used t o  examine t h e  i n f l u e n c e  of j e t  Mach number and tempera tu re  on  t h e  produc-  
t i o n  and i n t e r a c t i o n  o f  v o r t e x  s t r u c t u r e s  i n  t h e  shear  l a y e r .  The compu ta t i ons  
a r e  c a r r i e d  o u t  f o r  j e t  Mach numbers of 0 .3  and 0 . 8  w i t h  j e t  t o t a l  t e m p e r a t u r e s  
up t o  800 K .  The i n f l u e n c e  o f  a c o u s t i c  p r e s s u r e  e x c i t a t i o n  and t e m p e r a t u r e  
e x c i t a t i o n  on  t h e  v c r t e x  b e h a v i o r  a r e  a l s o  i n v e s t i g a t e d .  For c e r t a i n  e x c i t a -  
t i o n  a m p l i t u d e s  and f r e q u e n c i e s  r e g u l a r  p e r i o d i c  p a i r i n g  o f  v o r t i c e s  i s  
obse rved .  The computed r e s u l t s  g e n e r a l l y  agree  w i t h  e x p e r i m e n t a l  obse rva -  
t i o n s .  I n  a d d i t i o n  t h e  e f f e c t  o f  g r i d  r e f i n e m e n t  on  t h e  uns teady  f l ow  f e a -  
t u r e s  i s  a l s o  s t u d i e d .  

DR. LEON van DOMMELEN, F lor ida  State  Universi ty:  "Lag rang ian  Procedures  f o r  
Unsteady  S e p a r a t i o n "  

Random wa lk  v o r t e x  s i m u l a t i o n s  o f  t h e  i n c o m p r e s s i b l e  two-d imens iona l  
Nav ie r -S tokes  e q u a t i o n s  a r e  p r e s e n t e d .  The f o l l o w e d  p rocedure  a l l o w s  i n c l u -  
s i o n  o f  c o n s i d e r a b l y  more v o r t i c e s  t h a n  p r e v i o u s l y  p o s s i b l e .  The r e s u l t s  dem- 
o n s t r a t e  some of t h e  advantages and weaknesses of t h e  random wa lk  method.  
P o s s i b l e  i m p l i c a t i o n s  f o r  uns teady  s e p a r a t i o n ,  such as t h e  need f o r  l e s s  empha- 
s i s  on  i n t e r a c t i v e  methods and more on s t a b i l i t y  a r e  d i s c u s s e d .  

DR. BRAM van LEER, Universi ty of Michigan: "Recent  Developments i n  Comput ing 
E u l e r  and Nav ie r -S tokes  S o l u t i o n s  w i t h  F i n i t e - V o l u m e  Codes" 

Among f i n i t e - v o l u m e  codes f o r  t h e  E u l e r  e q u a t i o n s  t h e  ones most amenable t o  
I n  t h e  p r o j e c t i o n  a n a l y s i s  a r e  based on  t h e  " p r o j e c t i o n - e v o l u t i o n "  p h i l o s o p h y .  

phase t h e  d i s c r e t e  s o l u t i o n ,  c o n s i s t i n g  o f  c e l l - a v e r a g e d  d a t a ,  i s  i n t e r p o l a t e d  
i n  o r d e r  t o  o b t a i n  c e l l - i n t e r f a c e  d a t a .  The i n t e r p o l a t i o n  i s  m o n o t o n i c i t y -  
p r e s e r v i n g ,  a necessa ry  r e q u i r e m e n t  fo r  a v o i d i n g  n u m e r i c a l  o s c i l l a t i o n s .  The 
i n t e r p o l a n t s  i n  a d j a c e n t  c e l l s  g e n e r a l l y  do  n o t  match a t  t h e  i n t e r f a c e .  A t  t h e  
s t a r t  o f  t h e  e v o l u t i o n  phase t h e  two i n t e r f a c e  s t a t e  v e c t o r s  a r e  b l e n d e d  i n t o  
one v e c t o r  o f  normal  f l u x e s  by  t h e  n u m e r i c a l  f l u x  f o r m u l a .  A t i m e - s t e p p i n g  or 
r e l a x a t i o n  scheme t h e n  advances t h e  s o l u t i o n  i n  t i m e  or toward  a s t e a d y  s t a t e .  
Nav ie r -S tokes  codes can e a s i l y  be d e r i v e d  from such E u l e r  codes by  i n c l u d i n g  
c e n t r a l - d i f f e r e n c e  a p p r o x i m a t i o n s  t o  t h e  v i s c o u s  and c o n d u c t i v e  t r a n s p o r t  
t e rms .  The t h r e e  c o r n e r s t o n e s  o f  such codes,  i , e . ,  i n t e r p o l a t i o n  r o u t i n e ,  
i n v i s c i d  f l u x  f o r m u l a ,  and march ing  a l g o r i t h m ,  a r e  d i s c u s s e d  and compared t o  
r e l a t e d  components o f  o t h e r  f l ow  codes.  R e s u l t s  a r e  shown f o r  two and t h r e e -  
d imens iona l  f lows, s teady  and uns teady ,  i n v i s c i d  and v i s c o u s .  

DR. J. D .  A .  WALKER, Lehigh Universi ty:  " E f f e c t s  o f  a H a i r p i n  V o r t e x  Convected 
i n  a Shear Flow" 

The h a i r p i n  v o r t e x  i s  o f t e n  suggested  t o  be a b a s i c  b u i l d i n g  b l o c k  i n  t h e  
s t r u c t u r e  o f  t h e  t ime-dependent  t u r b u l e n t  flows near  w a l l s .  Exper iments  sug- 
g e s t  t h a t  such v o r t i c e s  a r e  a b l e  t o  rep roduce  themse lves  i n  a v a r i e t y  o f  ways. 
I n  p a r t i c u l a r ,  moving h a i r p i n  v o r t i c e s  a r e  obse rved  t o  a c t u a t e  t h e  c r e a t i o n  o f  
second h a i r p i n  v o r t i c e s  t h r o u g h  a complex v i s c o u s - i n v i s c i d  i n t e r a c t i o n  w i t h  
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t h e  f low near s o l i d  w a l l s .  T h i s  p rocess  appears t o  be t h e  fundamenta l  r e g e n e r -  
a t i v e  method o f  p r o d u c t i o n  w h e r e i n  new t u r b u l e n c e  i s  c o n t i n u a l l y  i n t r o d u c e d  
i n t o  t h e  o u t e r  r e g i o n  of t h e  boundary  l a y e r .  The p r e s e n t  c o m p u t a t i o n a l  s t u d y  
i s  an i n v e s t i g a t i o n  of t h i s  phenomenon. The o b j e c t i v e  i s  t o  u n d e r s t a n d  t h e  
f e a t u r e s  o f  t h e  m o t i o n  o f  h a i r p i n  v o r t i c e s  i n  a shear f low, t h e  n a t u r e  o f  t h e  
v i s c o u s  f low induced  near  t h e  w a l l  by  t h e  moving h a i r p i n  and how h a i r p i n  vo r t i -  
ces i n t e r a c t  w i t h  one a n o t h e r .  

DR. YAU SHU WONG, University of Alberta: "Approx imate  P o l y n o m i a l  P r e c o n d i t i o n -  
i n g  Techniques of Vector Supercomputers"  

The c o n j u g a t e  g r a d i e n t  a l g o r i t h m  i n  c o n j u n c t i o n  w i t h  p o l y n o m i a l  p r e c o n d i -  
t i o n i n g  has been p roved  t o  be v e r y  e f f i c i e n t  f o r  s o l v i n g  l a r g e  s y s t e m s  o f  
l i n e a r -  e q u a t i o n s  on v e c t o r  supercomputers .  U n l i k e  t h e  s t a n d a r d  p o l y n o m i a l  
p r e c o n d i t i o n i n g  wh ich  i s  based on a t r u n c a t e d  p o l y n o m i a l  expans ion  u s i n g  t h e  
o r i g i n a l  m a t r i x  o p e r a t o r ,  we i n t r o d u c e  an approx ima te  p o l y n o m i a l  p r e c o n d i t i o n -  
i n g  s t r a t e g y .  T h i s  t e c h n i q u e  used t h e  f a c t  t h a t  a s i m p l e  b u t  e f f e c t i v e  po lyno -  
m i a l  p r e c o n d i t i o n i n g  may be c o n s t r u c t e d  v i a  a n o t h e r  c o e f f i c i e n t  m a t r i x  and, a 
p a r t i c u l a r l y  a t t r a c t i v e  f e a t u r e  o f  t h i s  approach i s  t h a t  t h e  c o m p u t a t i o n a l  cost 
f o r  t h e  p r e c o n d i t i o n i n g  s t e p  can be s u b s t a n t i a l l y '  r educed .  Numer i ca l  s o l u t i o n s  
f o r  s o l v i n g  t h r e e - d i m e n s i o n a l  second-order  e l l i p t i c  p a r t i a l  d i f f e r e n t i a l  equa- 
t i o n s  and two-d imens iona l  f o u r t h - o r d e r  e q u a t i o n s  a r e  g i v e n  to  demons t ra te  t h e  
e f f e c t i v e n e s s  o f  t h i s  method. 
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OTHER A C T I V I T I E S  

A workshop was i n s t i t u t e d  t o  f a m i l i a r i z e  v i s i t i n g  r e s e a r c h e r s  w i t h  t h e  
Lewis  compu t ing  f a c i l i t i e s .  The workshop convened e v e r y  morn ing  d u r i n g  t h e  
summer months t o  s o l v e  prob lems and answer q u e s t i o n s .  Also t o  a c q u a i n t  t h e  
ICOMP s t a f f  w i t h  p e r t i n e n t  Lewis  r e s e a r c h  programs and g o a l s ,  o v e r v i e w s  were 
g i v e n  o f  t h e  programs i n  t h e  I n t e r n a l  F l u i d  Mechanics and S t r u c t u r e s  D i v i s i o n s  
and t h e  O f f i c e  o f  t h e  Ch ie f  S c i e n t i s t .  

Ano the r  i m p o r t a n t  a c t i v i t y  was t h e  o r g a n i z a t i o n  of an A d v i s o r y  Commit tee 
t o  r e v i e w  t h e  ICOMP program and make recommendat ions for f u t u r e  d i r e c t i o n s  f o r  
ICOMP.  The commi t tee  members a r e :  

D r .  Ted B e l y t s c h k o ,  N o r t h w e s t e r n  U n i v e r s i t y  

D r .  E a r l 1  Murman, M . I . T .  

D r .  J .  T i n s l e y  Oden, U n i v e r s i t y  of Texas 

D r .  S teven Orszag,  P r i n c e t o n  U n i v e r s i t y  

D r .  S t a n l e y  Rub in ,  U n i v e r s i t y  o f  C i n c i n n a t i  

T h i s  commi t tee  met i n  November, 1987 a t  Lew is .  F o l l o w i n g  a r e v i e w  o f  t h e  ICOMP 
program, commi t tee  members i n t e r v i e w e d  ICOMP and Lewis  p e r s o n n e l  and t h e n  fo r -  
m u l a t e d  recommendat ions.  Among them was t h e  recommendat ion t h a t  ICOMP s e l e c t  
one or two a reas  each y e a r  t o  be g i v e n  s p e c i a l  emphasis by  o r g a n i z i n g  a p p r o p r i -  
a t e  seminars  and c o l l o q u i a  and by  s e l e c t i n g  v i s i t i n g  r e s e a r c h e r s  we l l -known i n  
t h e  a r e a .  ICOMP e x p e c t s  t o  make a c o n c e r t e d  e f f o r t  t o  a c c o m p l i s h  t h i s  i n  1988. 
O t h e r  recommendat ions a r e  under  c o n s i d e r a t i o n  and, where f e a s i b l e ,  w i l l  be 
i n c o r p o r a t e d  i n t o  t h e  f u t u r e  e f f o r t s  o f  ICOMP.  
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FIGURE 3. - ICOMP STEERING COPlMITTEE AND V I S I T I N G  RESEARCHERS I N  JUNE, 1987. 1ST ROW SEATED (LEFT TO RIGHT):  CHOWEN WEY. NESRIN 
SARIGUL, LOLA BOYCE. DARLEEN M I M I F F .  FRANCES PIPAK, SHEILA NUSSBAUM. E L I  RESHOTKO. 2ND ROW: JONG-SHANG L I U .  LOU POVINELLI.  JEFFREY 
MEISTER. ISAAC GREBER. RICHARD BODONYI. LEON VAN W E L E N .  H A J I D  RASHlDl.  GRAHAM ELL IS .  B.P. LEONARD. FRED AKL. JOHN KLINEBERG, 
CHARLES FEILER.  3RD ROW: BRENT MILLER. LESTER NICHOLS, DAVID WALKER. THOMAS HAGSTROM, ASHER RUBINSTEIN, EDWARD BOGUCZ. STEVEN 
ARNOLD. STEVEN SCHAFFER. CHIN-SHUN L I N .  FRED CHANG, KENNETH PEDERSEN. 
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FIGURE 4. - COMPOSITION OF 1987 STAFF - INSTITUTIONS 
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45 



I NASA 
! ' 2 Government Accession No Report No NASA TM-100790 

ICOMP-88-1 
4 Title and Subtitle 

Report Documentation Page 
3 Recipient's Catalog No 

5 Report Date 

7 Aulhor(s) 

I n s t i t u t e  f o r  Computa t i ona l  Mechanics 
i n  P r o p u l s i o n  (ICOMP) 
Second Annual Report - 1987 

8 Performing Organization Report No 

E-3964 

I March 1988 

_- 
3 7 Key Words (Suggested by Author@)) 

6. Performing Organization Code 

~ 

18. Distribution Statement 

19 Security Classif (of this report) I20 Security Classif (of this page) 21 No of pages 

10 Work Unit No 

505-62-21 
9 Performing Organization Name and Address 

11 Contract or Grant No U a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

22 Price' 

l e w i s  Research C e n t e r  I 

U n c l a s s i f i e d  

eve 1 and, Oh i o 441 35-31 91 

U n c l a s s i f i e d  46 A03 

I 

~ 13. Type of Report and Period Covered 
.___ 

T e c h n i c a l  Memorandum 12 Sponsoring Agency Name and Address 

V a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Aash ing ton ,  D.C. 20546-0001 

14. Sponsoring Agency Code 

! - 
15 Supplementary Notes 

? s p o r t  p roduced by t h e  S t e e r i n g  Commit tee,  I n s t i t u t e  for Computa t i ona l  Mechanics 
i r l  P r o p u l s i o n ,  NASA Lew is  Research C e n t e r  (work funded under  Space A c t  Agreement 
L99066G). 

16 Abstract 

'he I n s t i t u t e  f o r  C o m p u t a t i o n a l  Mechanics i n  P r o p u l s i o n  (ICOMP) i s  o p e r a t e d  
j o i n t l y  b y  Case Western Reserve U n i v e r s i t y  and t h e  NASA Lewis  Research C e n t e r  i n  
C l e v e l a n d ,  O h i o .  The pu rpose  o f  ICOMP i s  t o  d e v e l o p  t e c h n i q u e s  t o  improve 
p r o b l e m - s o l v i n g  c a p a b i l i t i e s  i n  a l l  a s p e c t s  o f  c o m p u t a t i o n a l  mechanics r e l a t e d  
t o  p r o p u l s i o n .  T h i s  r e p o r t  d e s c r i b e s  t h e  a c t i v i t i e s  a t  ICOMP d u r i n g  1987. 

Uumer ica l  a n a l y s i s  
Compute r s c i e nce 

U n c l a s s i f i e d  - U n l i m i t e d  1 S u b j e c t  Ca tegory  64 
Y a t h e n a t i c s  I 

NASA FORM 1626 OCT 86 'For sale by the National Technical Information Service, Sprlngfield, Virginia 221 61 


